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Abstract 


Reductive  dehalogenation  is  an  important  reaction  that  generally  leads  to 
detoxification  of  many  halogenated  methanes.  Halogenated  methanes  are  widely  used  in 
industrial  and  commercial  applications  and  the  inadvertent  or  deliberate  release  of  these 
chemicals  has  caused  contamination  of  the  atmosphere,  soil  and  groundwater.  The 
research  presented  here  details  the  study  of  several  systems  for  reductive 
dehalogenation  of  chlorinated  methanes. 

The  first  system  described  in  this  dissertation  involves  reductive  dechlorination 
of  chlorinated  methanes  by  laboratory  cultures  of  methanogens.  A  vessel  was 
constructed  that  allowed  maintenance  of  anaerobic  conditions  and  minimized  losses  of 
the  volatile  chlorocarbons.  Methylene  chloride  was  not  dechlorinated  in  the  presence  of 
pufe  cultures  of  methanogens.  Similarly,  dechlorination  did  not  occur  in  enrichments 
made  with  samples  from  several  different  anaerobic  digesters. 

Abiotic  dehalogenation  studies  showed  that  cobalamins,  cobalt-centered 
macrocyclic  compounds,  catalyzed  the  reductive  dechlorination  of  several  halomethanes 
in  anaerobic,  closed  batch  systems.  These  studies  focused  on  immobilization  of 
cobalamins  to  several  types  of  supports  for  use  in  pollution  remediation  strategies. 
Cyanocobalamin  bound  to  Epoxy-Activated  Sepharose  6B  and  talc  catalyzed  the  rapid 
reduction  of  carbon  tetrachloride  and  methylene  chloride  to  sequentially  reduced 
products. 

Corroding  iron  metal  was  also  studied  as  a  reductant  for  halogenated  methanes. 
Several  chlorinated  methanes  were  reductively  dechlorinated  in  closed,  anaerobic, 
laboratory-scale  model  systems  containing  granular  iron.  Carbon  tetrachloride  was 
sequentially  dehalogenated,  via  chloroform,  to  methylene  chloride.  The  initial  rate  of 
each  reaction  was  pseudo-first  order  in  substrate  and  declined  substantially  with  each 
dehalogenation  step.  Trichloroethene  was  also  dechlorinated  by  iron,  although  more 
slowly  than  carbon  tetrachloride.  The  reaction  of  chlorinated  methanes  appears  to 
involve  a  direct  interaction  between  the  substrate  and  the  iron  surface.  When  surface 
condition  is  constant,  the  rate  of  reaction  is  roughly  first-order  in  iron  surface  area  and 
the  rate  increases  markedly  with  increasing  iron  face  area. 
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Studies  were  also  performed  to  determine  the  effects  of  microbial  and 
geochemical  processes  that  developed  during  a  field  demonstration  in  which  iron  metal 
had  been  buried  in  the  path  of  a  chlorinated-solvent  contaminated  plume.  Two  sets  of 
cores  were  obtained  and  examined  for  microbial  and  geochemical  developments  one, 
and  two,  years  after  burial  of  the  iron. 


Chapter  1 


General  Introduction 
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Halogenated  Methanes  in  the  Environment 


Halogenated  methanes  (or  halomethanes)  are  organic  compounds  containing  one 
carbon  with  only  halogen  and  hydrogen  substituents.  Environmentally  significant 
halomethanes  typically  contain  halogen  substituents  of  chloride,  fluoride,  and  bromide. 
Table  1.1  lists  examples  of  these  compounds  and  their  commercial  and  industrial  uses. 
The  chlorinated  methanes  as  a  class  are  very  stable,  low-boiling,  non-polar  compounds 
that  are  useful  as  solvents,  industrial  intermediates,  preservatives  and  pesticides. 
Chlorofluoromethanes  have  particularly  low  boiling  points,  are  highly  stable  and  have 
significant  heat  capacities.  These  properties  make  the  chlorofluorocarbons  ideal  thermal 
transfer  agents  for  use  in  refrigerants  and  cooling  systems.  They  have  also  been  used  as 
prdpellants  for  aerosols.  Some  of  the  halomethanes  are  found  naturally  in  the 
environment,  especially  chloromethane  [110].  However,  due  to  contamination  from 
human  sources  most  of  these  compounds  can  be  found  in  the  environment  at  levels  far 
greater  than  would  exist  naturally. 

Large-scale  commercial  production  of  the  halomethanes  began  about  30  to  50 
years  ago,  and  many  are  still  widely  produced  today  (Table  1.1).  In  the  1970's,  public 
concern  about  the  destruction  of  atmospheric  ozone  and  the  pollution  of  many  drinking 
water  supplies  by  these  compounds  forced  the  shift  towards  development  of  safer 
compounds  and  disposal  practices.  Atmospheric  contamination  by  some  chlorine- 
containing  compounds  leads  to  the  destruction  of  the  ozone  layer  that  shields  the  earth's 
inhabitants  from  harmful  solar  radiation.  Concerns  about  the  harmful  effects  of  ozone 
depletion  to  human  health  has  led  countries  worldwide  to  mandate  that  production  of 
chlorofluorocarbons  cease  by  the  end  of  1995  [155].  Recently,  all  uses  of  chlorinated 
compounds  in  industrial  and  commercial  processes  has  received  heightened  scrutiny 
from  the  public  due  to  the  increasing  evidence  of  carcinogenicity  and  other  deleterious 
health  effects  of  these  compounds  [59].  This  has  led  many  industries  to  consider  non- 
chlorinated  alternatives,  even  where  effects  on  atmospheric  ozone  are  not  a  concern. 
One  such  process  receiving  scrutiny  is  the  disinfection  of  drinking  water  by 
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chlorination,  which  has  been  shown  to  produce  low  levels  of  halomethanes  by  the 
reaction  of  chlorine  with  dissolved  organic  matter  [10,  30]. 

Groundwater  contamination  by  halogenated  methanes  is  widespread  due  to  the 
high  degree  of  commercial  and  industrial  usage  of  these  chemicals  [105].  Table  1. 1 
lists  the  production  amounts  and  uses  of  some  halomethanes.  Halogenated  methanes  can 
reach  the  groundwater  zone  via  leakage  of  storage  tanks  and  distribution  pipelines, 
spillage  during  loading  and  off-loading  of  chemical  containers,  leaking  drums  of 
disposed  wastes,  and  intentional  spillage.  The  latter  has  occurred  due  to  the  belief  that 
the  low  boiling  points  of  these  compounds  would  allow  them  to  completely  volatilize  to 
the  atmosphere.  Unfortunately,  several  other  physical  characteristics  of  the  chlorinated 
aliphatics  were  overlooked,  causing  the  introduction  of  chlorocarbon  compounds  into 
the  groundwater  [105].  One  such  factor  is  the  volatilization  of  the  chlorinated 
compound  downward,  as  well  as  upward,  resulting  in  the  dissolution  of  the  compound 
into  water  percolating  through  the  subsurface.  Also,  many  chlorinated  methanes  possess 
low  viscosities  and  densities  greater  than  water,  allowing  the  compound  to  move 
downward  through  a  soil  column  at  relatively  rapid  rates.  Once  these  compounds  reach 
thd  aquifer  they  settle  to  the  bottom  and  dissolve  at  relatively  slow  rates.  Even  though 
the  solubilities  of  chlorinated  methanes  are  low,  they  are  high  enough  to  cause 
contamination  of  the  groundwater  that  exceeds  permissible  levels. 
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Human  Health  Risks  of  Halogenated  Methanes 


While  the  human  health  effects  of  polluting  our  environment  with  halomethanes 
may  be  indirect,  as  in  the  case  of  ozone  depletion  by  chlorofluoromethanes, 
halomethanes  also  have  direct  toxicological  effects  in  humans.  Most  of  the  halogenated 
methanes  are  moderately  to  highly  toxic  in  acute  exposure  situations.  As  a  group,  the 
halogenated  methanes  have  narcotic  properties  at  high  dose  levels  and  can  cause  injury 
to  the  central  nervous  system,  lungs,  liver,  and  kidneys  [3,  33].  For  example,  carbon 
tetrachloride  has  caused  death  to  humans  following  acute  exposure  via  inhalation  and 
ingestion  (200-400  mg/L)  [3] .  Chronic  exposure  can  cause  minor  effects  that  depend  on 
the  mode  of  entry  into  the  body,  dose  and  duration  of  exposure.  Chronic  exposure  to 
carbon  tetrachloride  has  resulted  in  varying  degrees  of  pulmonary  edema,  liver  and 
kidney  damage,  and  neurological  effects.  In  cases  where  the  exposure  was  light,  many 
of  these  effects  were  not  permanent.  However,  chronic  exposure  to  halomethanes  may 
cause  cancer  in  humans.  The  human  carcinogenicity  of  these  compounds  has  not  been 
directly  shown  but  both  carbon  tetrachloride  and  chloroform  produced  tumors  in  test 
animals  after  various  routes  of  administration,  and  chloromethane  was  mutagenic  to 
Salmonella  typhimurium  strain  TA  1538  [46]. 

An  interesting  note  to  the  pathology  of  carbon  tetrachloride  is  that  injury  to  the 
liver  results  from  homolytic  cleavage  of  the  carbon-chlorine  bond  by  enzymes  and 
cofactors, -producing  highly  reactive  free  radical  intermediates  [46].  The  free  radicals 
produced  may  initiate  the  decomposition  of  lipids.  This  evidence  of  the  reactivity  of 
halomethanes  with  enzymes  and  cofactors  in  mammalian  systems  from  a  toxicological 
perspective  provides  important  information  for  the  environmental  dehalogenation 
reactions  studied  in  Chapter  3. 
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Dehalogenation  Reactions 


There  are  several  general  reaction  types  available  for  cleaving  the  carbon- 
halogen  bonds  that  characterize  many  environmental  contaminants  (Figure  1.1).  These 
include  nucleophilic  substitution;  (3-elimination  of  HX  (dehydrohalogenation);  gem- 
elimination;  reductive  elimination  (vicinal  dehalogenation);  reductive  dehalogenation 
(hydrogenolysis);  and  oxidation  [78,  142,  144].  The  first  three  processes  do  not  change 
the  oxidation  state  of  the  molecule,  while  reduction  and  oxidation  reactions  require 
external  electron  donors  and  acceptors.  Substitution  reactions  replace  the  halogen 
substituent  with  a  nucleophile  such  as  hydroxide  (hydrolysis),  sulfide,  or  thiols. 
Dehydrohalogenation  results  from  the  removal  of  a  halogen  substituent  with  E2-type 
elifinination  (dehydrohalogenation)  yielding  HX,  or  El  elimination  yielding  products  via 
carbene  intermediates.  Reductive  dehalogenation  occurs  by  the  addition  of  electrons  to 
reduce  a  single  C-X  bond  to  a  C-H  bond,  while  reductive  elimination  reduces 
compounds  containing  two  or  more  carbon  atoms  to  unsaturated  products.  Oxidative 
dehalogenation  results  in  the  formation  of  carbonyl  products.  The  relative  rates  of  these 
processes  will  vary  with  substrate,  and  chemical  and  microbiological  conditions. 
Halogenated  methanes  are  not  subject  to  dehydrohalogenation  or  vicinal 
dehalogenation,  and  reaction  of  these  compounds  with  environmentally  relevant 
nucleophiles  is  very  slow  under  most  conditions  [68,  72].  Gem-elimination  of 
halogenated  methanes  requires  the  presence  of  a  strong  base  and  has  not  been  observed 
in  environmental  systems,  but  may  occur-in  biological  systems  during  dehalogenation 
by  transition-metal  cofactors  [144].  Reduction  of  halogenated  methanes  is  more  likely 
than  oxidation  due  to  the  relatively  oxidized  state  of  most  halomethanes  [141]. 
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Scope  of  this  work 


The  sequence  of  the  chapters  in  this  dissertation  reflects  the  evolution  of  my 
research  over  time.  Originally,  my  concern  was  the  metabolism  of  halogenated 
hydrocarbons  by  anaerobic  bacteria.  Halogenated  methanes  were  chosen  because  of 
their  potential  for  formation  during  the  chlorination  of  drinking  water,  presence  at 
many  contaminated  sites,  and  similarity  to  the  "greenhouse"  gases  or 
chlorofluorocarbon s.  I  began  my  research  by  trying  to  enrich  for  methanogens  that 
were  able  to  metabolize  halogenated  methanes,  primarily  methylene  chloride.  Chapter  2 
details  those  studies. 

Methanogens  also  produce  large  amounts  of  metal-centered  coenzymes  and 
cofactors.  The  ability  of  these  metallomacrocycles  to  mediate  reduction  of  organic 
substrates  had  recently  been  demonstrated  in  vitro  with  various  chlorinated 
hydrocarbons.  These  reports  led  me  to  replace  my  "whole-cell"  studies  with  model 
systems  based  on  the  cobalt-centered  corrinoid,  cyanocobalamin  (vitamin  B12). 
Cyanocobalamin  is  one  of  many  metal-centered  macrocyclic  compounds  that  are 
capable  of  transferring  electrons  from  a  donor  to  an  oxidized  substrate.  These 
biologically  produced  compounds  also  catalyze  the  reduction  of  several  environmental 
pollutants,  including  halogenated  hydrocarbons  and  nitroaromatics.  Immobilization  of 
these  metallomacrocycles  on  solid  supports  takes  advantage  of  their  catalytic  nature,  as 
long  as  the  reducing  activity  of  the  compound  is  not  lost  during  binding.  This  work 
reports  the  reductive  dehalogenation  of  chlorinated  methanes  by  cyanocobalamin 
immobilized  on  EA-Sepharose  and  talc.  The  use  of  talc  explores  the  effectiveness  of  a 
relatively  cheap  material  for  immobilization,  and  the  possibility  that  bacterial 
coenzymes  are  immobilized  by  geologic  materials  common  in  the  natural  environment. 
The  dehalogenation  studies  by  immobilized  metallomacrocycles  are  detailed  in  Chapter 
3. 

It  soon  became  apparent  that  enhancement  of  in  situ  dechlorination  by  iron- 
metal  was  not  possible  without  a  clear  understanding  of  how  iron  and  solvents  interact 
in  water-saturated  porous  media.  At  the  time,  this  understanding  was  not  available  on 
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the  mechanism  of  dechlorination  by  iron.  To  determine  the  mechanism  and  kinetics  of 
these  dechlorination  reactions  with  chlorinated  methanes,  experiments  were  performed 
with  laboratory  batch  systems  under  anaerobic  conditions.  Chapter  4  records  the  results 
of  this  work  and  is  based  on  a  manuscript  that  has  been  submitted  to  Environmental 
Science  and  Technology. 

Microbial  and  geochemical  processes  will  certainly  affect  the  dehalogenation  of 
halomethanes  by  buried  iron.  To  study  the  effect  of  these  processes  on  the  iron  zone  at 
the  field  site,  cores  were  obtained  from  Stephanie  O'Hannesin  (University  of  Waterloo) 
after  one  and  two  years  of  operation.  The  core  samples  were  subjected  to 
microbiological,  chemical  and  surface  analysis.  Another  important  goal  for  the  study  of 
the  site  was  to  verify  that  the  observations  in  the  laboratory-scale  batch  experiments 
were  representative  of  what  could  be  expected  at  the  field  site.  Dehalogenation 
experiments  with  the  core  material  were  carried  out  in  the  anaerobic  laboratory  batch 
systems.  The  results  of  these  studies  are  presented  in  Chapter  5. 

Although  the  work  presented  in  this  dissertation  encompasses  a  broad  range  of 
subjects,  the  common  theme  is  the  study  of  reductive  dehalogenation  reactions  relating 
to  the  remediation  of  halomethane-contaminated  environments.  Because  of  the  large 
scope  of  this  work,  some  of  the  subjects  did  not  receive  as  exhaustive  a  study  as  the 
author  would  have  liked.  However,  all  subjects  are  presented  with  a  thorough  literature 
review  introducing  the  problem,  details  of  the  experimental  procedures,  conclusions 
and  practical  applications.  The  title  page  of  each  section  lists  the  primary  advisors  to 
the  author  for  that  part  of  the  work. 
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Table  1.1  Production  Levels  and  Uses  of  Selected  Halogenated  Methanes. 


Compound  Name, 

Formula 

Uses3 

World  Production 
(xlO6  lb.) 

Carbon  Tetrachloride, 
CC14 

Chlorofluorocarbon  production; 
Fumigant;  Fire  retardant; 
Degreaser;  Organic  syntheses; 

Hookworm  treatment  in  cattle 

627b 

Chloroform, 

CHC13 

y 

Extractant  and  industrial 

solvent;  Pharmaceutical 
production;  Heat-transfer 
medium;  Fire  retardant; 
Fumigant;  Anesthetic 

422b 

Methylene  Chloride, 
CH2C12 

Degreaser;  Paint  stripper; 

Production  of  acetate  fibers  and 

films,  pharmaceuticals; 

Aerosols 

561b 

Methyl  Chloride, 

CH3CI 

Production  of  silicones, 
tetramethyl  lead,  butyl  rubber, 
and  methyl  cellulose;  Herbicide 

OO 

O 

0 

FREON-1 1, 

CFCI3 

Refrigerant,  propellant, 

aerosols 

266d 

FREON-12, 

CF2C12 

Refrigerant,  propellant, 

aerosols 

390d 

a  [1,2,  40,  46] 
b  1986  [105] 
c  1980  [41] 
d  1975  [33] 


Nucleophilic  Substitution 


RX  +  H20 


ROH  +  HX 


p-Elimina tion  (Dehydrohalogenation) 


h  x 

i  i 

r-c-c-r 

i  i 
R  R 


R— C=C-R  +  HX 
I  I 
R  R 


Gem-Elimination 

V 

x-^x 

H  Js 


B: 


HX 


X 


C: 


X 


2H20 


T 

2HX 


HCOOH  and/or  CO 


Reductive  Elimination  (Vicinal  Dehalogenation) 


x  x 

i  i 

R-C-C-R  +  2e 
I  I 
R  R 


R-C  =  C-R  +  2X' 
I  I 
R  R 


Reductive  Dehalogention 


RX  +  H+  +  2e 


RH  +  X' 


Reductive  Coupling 


2RX  +  2e' 


R-R  +  2X’ 


Figure  1.1  Possible  dehalogenation  reaction  pathways.  X  =  halogen 
substituent,  R  =  unspecified  functional  group. 


Chapter  2 


Microbiological  Reductive  Dechlorination 
of  Chlorinated  Methanes 


Leah  J.  Matheson,  Richard  L.  Johnson,  and  David  R.  Boone 
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Abstract 


Anaerobic  batch  systems  and  a  specially-designed,  anaerobic,  gas-tight  culture 
vessel  were  used  to  test  two  strains  of  methanogens,  Methanosarcina  mazeii  S-6  and 
Mathanosarcina  barken  227,  for  their  ability  to  dechlorinate  methylene  chloride. 
Dechlorination,  cometabolic  or  metabolic,  was  not  observed  with  either  strain.  A 
methylene  chloride  concentration  of  100  pM  completely  inhibited  methanogenesis  from 
M.  barkeri  227  in  a  gas-tight  culture  vessel.  However,  experiments  performed  in  serum 
bottles  with  butyl-rubber  stoppers  did  not  show  significant  inhibition  at  this 
concentration.  The  difference  between  these  systems  was  shown  to  be  due  to  the 
diffusion  of  the  chlorinated  compound  into  the  stopper.  Enrichment  cultures  inoculated 
with  several  different  samples  of  anaerobically  digested  wastes  were  also  studied  for 
dechlorinating  ability.  All  enrichment  studies  were  carried  out  in  serum  bottles. 
Dechlorination  of  methylene  chloride  as  a  cometabolite,  or  sole  source  of  carbon  and 
energy,  was  not  observed  in  these  systems. 
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Introduction 


Methanogens.  Methanogens  are  a  diverse  group  of  strictly  anaerobic  bacteria 
that  produce  methane  as  an  end  product  of  their  catabolic  activity .  These  bacteria 
belong  to  the  kingdom  Archaeobacteria,  and  have  evolved  over  a  period  of  time  from 
early  in  the  beginning  of  life  on  earth  [18].  The  habitats  occupied  by  methanogens  are 
those  where  electron  acceptors  such  as  oxygen,  nitrate,  sulfate,  and  ferric  iron  are  not 
in  abundant  supply.  Methanogens  are  commonly  found  in  anaerobic  digesters,  sewage 
sludge,  anoxic  sediments,  flooded  soils,  and  gastrointestinal  tracts  of  ruminants  and 
termites.  In  these  environments,  methanogens  catabolize  the  primary  and  secondary 
products  of  carbon  metabolism  of  other  microorganisms,  such  as  acetate,  carbon 
diokide  and  hydrogen.  Pure  cultures  of  methanogens  metabolize  acetate,  formate, 
methanol,  the  methyl  groups  of  amines,  sulfides  and  selenides,  hydrogen  plus  carbon 
dioxide,  and  hydrogen  plus  some  alcohols  [18].  In  general,  the  biochemistry  of 
methanogenesis  from  these  compounds  involves  a  number  of  coenzymes  and  co factors, 
most  of  which  are  found  only  in  methanogens,  that  accomplish  methyl-group  transfer 
and  electron  transfer  reactions  [36]. 


Reductive  Dehalogenation  by  Methanogeas.  Methanogens  are  able  to 
reductively  dehalogenate  halogenated  methanes  as  a  gratuitous  metabolism 
(cometabolism)  [80,  144],  However,  the  metabolism  of  halomethanes  as  a  source  of 
carbon  and/or  energy  has  not  been  indisputably  shown  in  methanogens.  Even  though 
metabolism  of  halomethanes  by  these  bacteria  has  not  been  shown,  these  bacteria  may 
be  able  to  metabolize  halogenated  methanes  by  the  inadvertent  involvement  of  these 
compounds  in  the  methanogenic  process  due  to  the  apparent  structural  similarities 
between  halomethanes  and  the  Cl  substrates  metabolized  by  methanogens.  Specifically, 
the  similarity  of  halogenated  methanes  to  the  methyl  group  carried  on  coenzyme  M 
(CoM)  may  allow  their  fortuitous  reduction  by  methyl-CoM  methyl  reductase.  Methyl- 
CoM  methyl  reductase  is  a  multienzyme  complex  that  contains  F42o  (a  flavin  analog) 
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and  F430  (a  nickel-centered  porphyrin),  in  addition  to  other  proteins  and  coenzymes 
[36,  116].  Reductive  dechlorination  of  chlorinated  alkanes  and  alkenes  occurs  in  the 
presence  of  reduced  F430  in  model  systems  [48,  73].  A  general  scheme  for  reductive 
dechlorination  coupled  to  methanogenesis  is  shown  in  Figure  2.1,  in  which  the 
halogenated  compound  becomes  fortuitously  reduced  by  an  unknown  electron  earner 
involved  in  the  methanogenic  pathway  [45].  Whether  the  enzyme  systems  of 
methanogens  can  actually  catabolize  chlorinated  methanes,  rather  than  cometabolize 
them,  cannot  be  determined  by  structural  similarities  to  catabolic  substrates  alone. 

Over  the  period  of  time  since  the  experiments  reported  here,  several  studies 
have  been  published  that  report  cometabolic  dehalogenation  of  chlorinated  methanes  by 
methanogens  in  pure  and  mixed  cultures  [42,  74,  81,  96,  138].  Recently,  strains  of 
Methanosarcina  growing  on  methanol  or  acetate  were  reported  to  dechlorinate 
chloroform  [96].  The  major  products  were  identified  as  methylene  chloride, 
chloromethane  and  carbon  dioxide,  indicating  that  reductive  dehalogenation  was  not 
entirely  responsible  for  the  reaction.  Egli  and  coworkers  [42]  observed  that  pure 
cultures  of  Methanobacterium  thermoautotrophicum  were  able  to  dechlorinate  carbon 
tetrachloride  at  similar  rates  to  those  of  autoclaved  cultures.  This  suggests  the 
involvement  of  a  heat-stable  cofactor.  Dehalogenation  by  live  cultures  resulted  in 
reductively  dechlorinated  products  and  carbon  dioxide,  indicating  that  more  than  one 
mechanism  was  responsible  for  the  dehalogenation  reaction.  Carbon  dioxide  may  be 
formed  by  the  oxidation  and  hydrolysis  of  a  trichloromethyl  radical  intermediate, 
formed  from  the  one-electron  reduction  of  a  halogenated  methane;  or  by  complete 
hydrolysis  of  the  halomethane  [32],  In  a  similar  experiment  with  the 
chlorofluorocarbon,  FREON-11  (CFC13),  reductive  dechlorination  was  not  the  only 
mechanism  observed  [74].  CFC13  was  transformed  to  CHFCU,  fluorine  and  carbon 
monoxide,,  in  the  presence  of  hydrogen,  by  suspensions  of  Methanosarcina  barkeri 
(strain  Fusaro)  grown  on  methanol.  These  authors  postulated  a  corrinoid-mediated 
mechanism  that  produces  a  dihalocarbene  intermediate  that  is  rapidly  hydrolyzed  to 
carbon  monoxide,  fluoride  and  chloride.  Freedman  and  Gossett  [47]  observed  growth 
of  a  methanogenic  enrichment  culture  on  methylene  chloride,  forming  carbon  dioxide 
and  methane.  However,  evidence  suggested  that  non-methanogens  such  as  acetogens 
and  methylene  chloride-oxidizing  bacteria  were  responsible  for  the  dechlorination 
reactions.  Acetoclastic  and  carbon  dioxide-reducing  methanogens  merely  utilized  the 
acetate  and  carbon  dioxide  that  were  produced.  Finally,  an  additional  study  [138] 
observed  methyl  chloride  metabolism  by  an  unknown  anaerobic  microorganism  that 
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appears  to  be  an  acetogen,  and  no  methanogens  have  been  isolated  that  are  capable  of 
methyl  chloride  catabolism. 

This  review  shows  that  even  up  to  the  present  date  little  evidence  has  been 
presented  to  show  metabolism  of  halomethanes  by  methanogenic  bacteria.  The  initial 
goal  of  the  research  presented  here  was  to  demonstrate  the  use  of  selected  halomethanes 
as  sole  sources  of  carbon  and  energy  for  methanogens.  Two  species  of  methanogens, 
Methanosarcina  mazeii  S-6  and  Methanosarcina  barkeri  221,  were  tested  for  their 
ability  to  metabolize  methylene  chloride.  Experiments  were  also  performed  with  several 
enrichment  cultures  inoculated  with  methanogenic  mixed  cultures  grown  in  anaerobic 
sludge  digesters  on  a  variety  of  different  wastes. 


> 
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Experimental 


Halogenated  Methanes.  Chlorinated  solvents  were  obtained  in  high  purity  and 
used  without  further  purification.  These  included  carbon  tetrachloride,  HPLC  grade 
(Aldrich);  chloroform,  LC  grade,  preserved  with  1%  (v/v)  ethanol  (Burdick  & 
Jackson);  methylene  chloride,  99+%,  anhydrous  (Aldrich);  and  chloromethane, 

99.5  +  %  (Aldrich).  Saturated  aqueous  stock  solutions  of  these  halocarbons  were 
prepared  by  allowing  roughly  1  mL  of  organic  phase  to  equilibrate  with  40  mL  of 
deionized  water  (NANOpure,  18  Mfl-cm)  in  glass  vials  capped  with  Teflon  Mininert 
valves.  Aqueous  standard  solutions  were  made  by  diluting  the  saturated  stock  solutions 
with  deionized  water.  Gaseous  standards  were  made  by  placing  the  appropriate  amount 
of  Compound  in  a  0.8  L  steel  canister  with  a  snap  valve  and  pressurizing  to  5  atm  with 
nitrogen. 


Gas-Tight  Culture  Vessel.  A  gas-tight  culture  vessel  was  developed  to 
maintain  anaerobic  conditions  and  prevent  losses  of  halocarbons  during  the  experiments 
with  methanogens  (Figure  2.2).  The  stoppers  that  are  normally  used  in  the  culture  of 
methanogens  are  impermeable  to  oxygen  but  adsorb  the  chlorinated  methanes  used  in 
this  study.  The  new,  gas-tight  culture  vessel  is  both  impermeable  to  oxygen  and  inert  to 
halomethanes.  The  vessel  consists  of  a  1  L  glass  bottle  with  2.5-cm  long  and  1.27-cm 
diameter  precision  glass  tubing  as  its  sole  .opening.  The  tubing  is  connected  to  a 
stainless  steel  snap-valve  assembly  (Nupro)  with  a  Teflon™  ferrule.  No  losses  due  to 
adsorption  to  the  ferrule  were  detected.  The  stainless  steel  snap  valve  was  resistant  to 
solvent  attack  and  allowed  aseptic  and  anoxic  sampling  of  the  gas  and  liquid  phases 
with  negligible  loss  of  volatile  compounds. 


Culture  Conditions.  Two  strains  of  methanogens  were  used  for  dehalogenation 
studies,  Methanosarcina  barken  227  and  Methanosarcina  mazeii  S-6.  A  basal  salts 
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medium  [153],  pH  6.5-7,  was  inoculated  with  the  appropriate  organism.  Organisms 
were  grown  on  20  to  50  mM  acetate  or  methanol.  The  cultures  were  incubated  at  37°C, 
without  shaking,  in  the  dark.  Growth  was  measured  by  methane  production.  Methane 
concentrations  were  determined  by  removing  a  10  pL  gas  sample  from  the  headspace  of 
the  culture  vessel  and  analyzing  for  methane  by  gas  chromatograpy  with  a  2  m  x  4  mm 
ID  column  packed  with  activated  charcoal  and  quantification  by  FID.  The  growth 
substrate  was  omitted  in  experiments  that  screened  for  metabolic  activity  on 
halogenated  substrates.  Some  of  the  dehalogenation  studies  used  an  anaerobically 
digested  sewage  sludge  from  the  Rock  Creek  Treatment  Plant  of  the  Unified  Sewerage 
Agency  (Hillsboro,  Oregon)  as  an  inoculum.  Also  tested  were  cherry-waste  digester 
sludge  from  a  digester  that  had  been  operating  anaerobically,  an  acetogenic  bacterium 
isolated  by  Shiusong  Ni  (personal  communication),  and  sludge  from  a  propionate-fed 
anaerobic  digester  that  had  been  operating  for  two  months. 


Determination  of  Inhibition  by  Chlorinated  Methanes.  Two  strains  of 
Methanosarcina  strains  were  screened  for  the  minimum  concentration  of  methylene 
chloride  that  would  inhibit  growth.  The  effect  of  various  concentrations  on  the  specific 
growth  rates  of  the  organisms  were  observed  after  addition  of  an  aliquot  of  the 
compound  at  mid-log  phase  growth.  These  values  were  to  be  used  to  determine  the 
concentrations  of  halomethane  added  in  dehalogenation  studies. 


Dechlorination  Studies.  Dechlorination  studies  were  carried  out  in  both  the 
gas-tight  culture  vessel  and  serum  bottles  with  butyl  rubber  and  Hycar  (Pierce)  septa. 
The  typical  length  of  exposure  of  the  Methanosarcina  was  14  days.  The  cometabolic 
sewage  sludge  enrichments  were  carried  out  for  273  days,  and  the  sole-source 
enrichments  were  monitored  for  244  days.  Methylene  chloride  was  used  in  all 
experiments  with  concentrations  ranging  from  10-500  pM.  Chlorinated  hydrocarbon 
concentrations  were  monitored  by  sampling  the  gas  phase  of  cultures  equilibrated  at  25 
°C  in  a  water  bath.  The  gas  phase  was  sampled  in  the  following  manner:  A  400  pL 
sample  chamber  was  fitted  with  a  luer  tip  on  one  end,  and  hooked  to  a  multiport  valve 
(Carle)  at  the  other  end.  The  luer  tip  could  attach  to  the  culture  vessel,  or  a  disposable 
needle  to  pierce  serum  bottle  septa.  The  valve  could  connect  the  other  end  of  this  loop 
to  either  a  vacuum  pump,  cap,  or  GC  carrier  gas  flow  (4  mL/min  He).  When  the 
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no  equilibrium  with  lab  pressure,  or  loss  of  compound,  occurred.  These  samples  were 
analyzed  by  GC  (HP5890A,  Hewlett-Packard)  with  a  30  m  x  0.53  mm  ID  glass 
capillary  column,  5%  phenyl-  95%  methylsilicone  phase  (Supelco)  in  an  oven  heated  to 
100  °C.  Satisfactory  results  were  obtained  with  FID  detection.  Gas  phase 
concentrations  were  used  to  determine  the  total  concentrations  using  Henry's  Law 
constants  at  the  appropriate  temperature  and  pH  [55].  Serum  bottles  were  inverted  to 
minimize  diffusion  of  halomethane  into  the  stopper,  and  returned  to  the  incubator. 
Chlorinated  substrates  and  products  were  determined  by  comparison  of  retention  times 
with  standard  compounds. 


y 
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Results  and  Discussion 


Minimum  Inhibitory  Concentrations.  Methanosarcina  mazeii  S-6  and 
Methanosarcina  barkeri  227  were  only  slightly  inhibited  by  high  doses  of  methylene 
chloride  (200-600  pM)  in  initial  minimum  inhibitory  concentration  studies.  Figure  2.3 
shows  that  the  growth  rate  declined  with  increasing  methylene  chloride  concentration 
although  no  concentration  was  observed  that  completely  inhibited  methanogenesis. 
These  initial  studies  were  performed  in  serum  bottles  with  butyl  rubber  septa  due  to  the 
unavailability  of  other  septa  or  the  gas  tight  culture  vessel.  A  high  rate  of  methylene 
chloride  loss  was  experienced  with  these  septa,  20-50%  in  24  hr,  suggesting  that  the 
organisms  were  not  exposed  to  the  full  amount  of  methylene  chloride  added  in  the 
initial  experiments.  Also,  the  methylene  chloride-spiked  cultures  continued  log-phase 
growth  and  did  not  reach  stationary-phase,  probably  due  to  the  slow  dissipation  of  the 
methylene  chloride.  The  above  interpretation  of  the  results  in  Figure  2.3  were  verified 
when  the  gas  tight  culture  vessel  was  used  in  subsequent  experiments  with  methylene 
chloride.  The  total  inhibition  of  M.  mazeii  S-6  immediately  after  the  addition  of  100  p 
M  methylene  chloride  is  shown  in  Figure  2.4.  Methylene  chloride  was  added  at  the 
same  point  of  the  growth  curve,  and  in  the  same  manner,  as  in  previous  experiments. 
This  was  the  only  concentration  of  methylene  chloride  tested  in  the  gas  tight  culture 
vessel,  and  no  other  chlorinated  methanes  were  tested.  An  attempt  was  made  to  use 
valve-fitted  800  mL  stainless  steel  canisters  for  the  minimum  inhibitory  concentration 
experiments.  These  canisters  proved  to  be  unsuitable  for  these  experiments  due  to 
leakage  of  large  amounts  of  methylene  chloride  from  these  cans,  and  the  entry  of 
oxygen  that  inhibited  the  cultures.  It  was  also  difficult  to  maintain  pure  cultures  in 
these  vessels,  possibly  due  to  contamination  during  the  sampling  procedure. 


Dehalogenation  Studies.  Initial  dehalogenation  studies  were  performed  in 
serum  bottles  with  butyl  rubber  septa  despite  the  problem  of  maintaining  a  constant 
methylene  chloride  exposure.  Neither  of  the  Methanosarcina  strains  dehalogenated 


methylene  chloride  during  the  time  frames  observed  in  this  study.  This  conclusion  is 
based  on  the  lack  of  dechlorination  products  and  that  losses  of  chlorocarbon  in  live 
cultures  were  similar  to  those  in  controls  containing  chlorinated  substrate  only. 
Subsequent  enrichments  were  made  in  serum  bottles  with  Hycar.  A  decline  in 
methylene  chloride  concentration  of  10-30%  in  all  samples  including  the  controls  was 
observed  in  the  Hycar  stoppered  systems.  Dehalogenating  activity  was  not  observed 
whether  methylene  chloride  was  the  sole  form  of  hydrocarbon  present,  or  as  a 
secondary  substrate.  This  was  also  true  for  all  digester  sludge  enrichments  and  the 
acetogenic  culture.  Methane  production  in  enrichments  with  methylene  chloride  was 
similar  to  those  without,  indicating  that  no  inhibition  of  these  microorganisms  was 
occurring.  The  loss  of  methylene  chloride  to  the  stoppers  of  the  serum  bottles 
experiments  may  have  contributed  to  inability  of  these  enrichments  to  cause  reductive 
dechlorination  because  of  the  incomplete  exposure  to  the  chlorinated  hydrocarbon. 
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Conclusions 


While  no  dechlorination  of  methylene  chloride  was  observed  in  these  studies 
with  pure  cultures  of  methanogens  or  methanogenic  enrichment  cultures,  these  results 
do  not  suggest  that  dechlorination  is  not  possible  in  these  systems.  As  illustrated  in  the 
introductory  discussion,  dechlorination  of  halogenated  methanes  has  been  observed  in 
several  methanogenic  systems  [42,  47,  74,  96,  131].  In  these  most  of  these  studies  the 
more  highly  chlorinated  methanes  than  methylene  chloride  were  used.  Due  to  the  fact 
that  these  compounds  are  more  oxidized  relative  to  methylene  chloride,  and  other  as  yet 
unknown  factors,  the  dechlorination  of  more  highly  chlorinated  methanes  is  generally 
favored  in  reducing  systems  [141].  To  the  author's  knowledge  metabolism  of 
methylene  chloride  by  pure  cultures  of  methanogens  has  not  been  reported.  However, 
two  studies  observed  the  dechlorination  of  methylene  chloride  in  mixed  methanogenic 
cultures  [47,  131].  Freedman  and  Gossett  [47]  observed  the  transformation  of 
methylene  chloride  to  carbon  dioxide  and  methane  in  a  methanogenic  ennchment 
culture  that  contained  a  complex  population  of  both  methanogens  and  non- 
methanogens.  The  results  of  this  experiment  suggest  a  specific  relationship  between  the 
various  organisms  to  transform  the  halogenated  methane,  including  interspecies 
hydrogen  transfer  between  methylene  chloride-oxidizing  bacteria  and  carbon  dioxide- 
reducing  methanogens  and  production  of  acetate  from  methylene  chloride  by  non- 
methanogens.  The  methanogens  do  not  appear  to  be  directly  responsible  for 
dechlorination  reactions  in  the  proposed  scheme,  rather  the  carbon  dioxide-reducing 
and  acetoclastic  methanogens  metabolize  the  products  of  methylene  chlonde 
transformation  by  acetogens  and  methylene  chloride  oxidizing  bacteria.  Similarly, 
Stromeyer  et  al.  [131]  observed  that  the  transformation  of  methylene  chlonde  in  a 
fixed-bed  reactor  was  independent  of  methanogenesis.  The  authors  suggest  that 
methylene  chloride  is  hydrolyzed  to  formaldehyde  which  is  then  metabolized  by  a 
number  of  anaerobic  microorganisms,  including  methanogens.  The  results  observed  in 
my  enrichment  experiments  may  indicate  that  the  appropnate  consortia  of  bactena  was 
not  present  for  an  interrelated  pathway,  such  as  the  two  described,  to  occur  and  that 
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dechlorination  by  pure  cultures  of  methanogens  may  not  be  possible  due  to  the 
dependence  on  functions  performed  by  other  microorganisms,  such  as  acetogens. 

The  dechlorination  of  methylene  chloride  by  fortuitous  involvement  in  the 
methanogenic  pathway  may  still  be  a  viable  hypothesis,  despite  the  lack  of  experimental 
evidence  obtained  in  the  work  presented  here.  The  following  chapter  discusses  the 
dechlorination  of  halogenated  methanes  by  metal-centered  cofactors,  some  of  which  are 
produced  by  methanogens.  Results  of  the  experiments  reported  in  Chapter  3  indicate 
that  corrinoids,  similar  to  methanogenic  cofactors,  are  able  to  reductively  dechlorinate 
methylene  chloride  in  the  presence  of  an  electron  donor. 
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Figure  2.1  Scheme  showing  possible  mechanism  of  reductive  dechlorination  by 
methanogens,  proposed  by  Fathepure  and  Boyd  [45]  for  the  pathway  of 
tetrachloroethylene  reductive  dechlorination  by  methanogens.  Electrons  may  be 
transferred  to  the  halogenated  substrate  via  an  electron  carrier  (X)  involved  in 
methanogenesis. 
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Figure  2.2  Schematic  depicting  the  gas-tight  culture  vessel.  A  1-L  Pyrex  bottle 
was  connected,  via  swagelock  fittings,  to  a  valve  with  snap  closure  for  use  with 
volatile  halocarbons  in  biotic  dehalogenation  experiments. 


Specific  Growth  Rate  (hr-1) 
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Initial  Methylene  Chloride  Concentration  (micromoles/L) 


Figure  2.3  Results  showing  that  a  minimum  inhibitory  concentration  was 
not  obtained  for  two  pure  cultures  of  Methanosarcina  in  serum  bottle 
experiments.  A  slight  decrease  in  specific  growth  rate  of  Methanosarcina 
mazeii  S-6  (closed  squares)  and  Methanosarcina  barkeri  227  (open  squares) 
was  observed  with  exposure  to  increasing  concentrations  of  methylene 
chloride.  Cultures  were  grown  on  50  mM  methanol  at  37  °C. 


Time  (hours) 


Figure  2.4  Complete  inhibition  of  Methanosarcina  mazeii  S-6  by  100  pM 
methylene  chloride  added  after  72  hr  of  growth  on  100  mM  acetate  (open 
squares).  Closed  squares  represent  an  identical  culture  that  did  not  receive 
methylene  chloride. 
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Reductive  Dehalogenation  of  Chlorinated  Methanes 
by  Immobilized  Cobalamins 


Leah  J.  Matheson,  Richard  L.  Johnson,  and  Paul  G.  Tratnyek 
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Abstract 


Cyanocobalamin  is  one  of  many  biologically-produced,  metal-centered 
macrocyclic  compounds  that  are  capable  of  mediating  the  transfer  electrons  from  a 
donor  to  an  oxidized  substrate.  Substrates  that  these  mediator  compounds  are  able  to 
reduce  include  halogenated  hydrocarbons  and  nitroaromatics.  In  experiments  presented 
here,  cyanocobalamin  reduced  with  Ti(III)citrate  in  an  aqueous  buffer  suspension  was 
able  to  rapidly  dechlorinate  carbon  tetrachloride.  In  these  systems  the  rate  of 
dechlorination  appeared  to  be  pseudo-first  order  in  chlorinated  substrate.  Chloroform, 
methylene  chloride,  chloro methane,  and  methane  were  observed  as  products  in 
stoichiometric  amounts.  Immobilization  of  cyanocobalamin  on  solid  supports  was 
investigated  as  a  way  to  take  advantage  its  catalytic  nature.  Cobalamins  bound  to  EA- 
Sepharose  and  talc  were  able  to  reductively  dechlorinate  halogenated  methanes,  with 
little  loss  in  activity.  However,  the  dechlorination  of  carbon  tetrachloride  by  Sepharose- 
bound  (dicyano)cobalamin  did  not  follow  first  order  kinetics.  The  deviation  from  first- 
order  behavior  may  have  been  due  to  limiting  amounts  of  cobalamin  present,  or 
conformational  changes  in  the  cyanocobalamin  structure  during  the  binding  process. 
However,  when  cyanocobalamin  was  bound  to  talc,  dechlorination  rates  were  pseudo- 
first  order  in  chlorinated  substrate.  The  dechlorination  of  carbon  tetrachloride  by  talc- 
bound  cyanocobalamin  demonstrates  the  effectiveness  of  a  relatively  inexpensive 
material  for  immobilization  of  biochemical  catalysts.  The  ability  of  the  clay  mineral, 
talc,  to  immobilize  cyanocobalamin  raises  the  possibility  that  bacterial  forms  of  these 
compounds,  released  into  the  environment  by  cell  lysis,  are  immobilized  by  geologic 
materials  common  in  the  natural  environment. 


Introduction 


The  reduction  of  halogenated  hydrocarbons  and  nitroaromatics  is  an  important 
process  determining  the  fate  of  these  compounds  in  contaminated  soils  and 
groundwaters.  In  many  cases,  this  process  occurs  more  rapidly  than  can  be  explained 
simply  by  reaction  with  available  bulk  reductants.  One  explanation  for  the  high  rate  of 
reaction  in  these  systems  is  the  presence  of  a  "mediator"  that  facilitates  the  transfer  of 
electrons  from  a  donor  to  the  organic  substrate  (Figure  3.1).  Only  recently  have  studies 
involved  the  mediator  concept  in  the  reduction  of  chlorinated  organics  and  these  have, 
so  far,  been  limited  to  studies  in  laboratory  model  systems  and  studies  focusing  on 
analogies  to  natural  mediator  cycles.  In  the  research  reported  here  the  possibility  is 
extended  that  mediators  can  become  useful  tools  in  remediation  technologies  by 
immobilization. 

In  most  cases,  direct  experimental  evidence  for  mediation  of  redox  processes  in 
the  environment  has  been  limited.  However,  circumstantial  evidence  and  arguments 
based  on  biochemical  analogies  have  led  to  widespread  acceptance  of  the  role  of 
mediators  in  environmental  pollutant  reduction  reactions.  The  types  of  substances 
presumed  to  be  responsible  for  this  process  are  essentially  similar  to  biochemical  redox 
mediators.  A  variety  of  these  compounds  are  produced  by  microorganisms,  including 
porphyrins,  corrinoids,  flavoproteins,  iron-sulfur  proteins,  and  other  coenzymes  and 
cofactors  [36,  116].  Compounds  that  may  have  remote  microbial  origins,  such  as  the 
polyphenolic  (hydroquinone)  moieties  of  natural  organic  matter,  may  also  mediate 
redox  reactions  in  the  environment.  Other  potential  mediators  include  inorganic  metal 
complexes  and  free  metals.  In  order  for  any  of  these  compounds  to  serve  as  mediators, 
these  substances  must  have  sufficiently  low  redox  potentials  for  electron  transfer  to  the 
organic  pollutant  to  be  thermodynamically  feasible  [107,  141].  An  example  of  the 
ability  of  metallomacrocycles  to  serve  as  redox  mediators  can  be  given  by 
iron(II)porphyrin .  The  potential  formed  by  the  Fe(II)/Fe(III)  redox  couple  becomes 
more  reducing  in  the  chelated  form,  making  it  a  reductant  relative  to  many  organic 
pollutants  [141].  Similarly,  the  redox  potential  of  the  cobalt  couple  in  the  center  of 
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cyanocobalamin  becomes  more  reducing  by  its  chelation  in  the  tetrapyrrole  ring. 
Cyanocobalamin,  or  vitamin  B12,  is  produced  in  large  quantities  by  some  anaerobic 
microorganisms.  Other  important  metallomacrocycles  include  the  nickel-centered  heme, 
factor  F430  [36,  73],  and  the  iron-centered  heme,  cytochrome  P-450  [29]. 

The  microbial  metallomacrocycles  have  received  much  attention  for  their  ability 
to  catalyze  the  reduction  of  halogenated  organic  compounds  in  laboratory  studies.  As 
early  as  1968,  chlorinated  methanes  were  observed  to  react  with  the  cobalt-centered 
corrinoid,  cyanocobalamin,  to  produce  chloromethylcobalamins  and  hydrochloric  acid 
[151].  Methanogenesis  was  inhibited  in  these  systems  by  the  chlorinated  methanes  as  a 
result  of  the  inhibition  of  the  cobamide-dependent  methyl-transfer  reaction.  In  1971, 
Hill  and  coworkers  [60]  demonstrated  the  reduction  of  alkyl  halides  using  controlled 
potential  analysis  as  a  model  system  for  the  formation  of  methane  from 
methylcobalamin  by  methanogens.  At  electrode  potentials  more  reducing  than  the 
reduction  potential.for  the  alkyl  halide,  the  cobalamin-catalyzed  reaction  was  shown  to 
be  a  two-electron  reduction.  Wade  and  Castro  [145,  146]  demonstrated  that  alkyl 
halides  oxidized  the  iron  metal  center  of  hemes  and  porphyrins,  with  concomitant 
redaction  of  the  C-H  bond  to  yield  a  radical  species.  Many  of  these  earlier  studies 
focused  on  the  reaction  of  biological  systems,  mammalian  and  microbiological,  to 
environmental  pollutants  from  a  toxicological  perspective.  Metallomacrocycles  of  these 
systems  were  studied  for  their  physiological  importance  in  biological  detoxification 
mechanisms  [149,  150]. 

As  more  metallomacrocycles  were  discovered,  and  more  became  known  about 
the  biochemistry  of  these  compounds,  research  began  to  focus  on  the  reduction  of 
environmental  pollutants  to  gain  an  understanding  of  these  mechanisms  in  laboratory 
systems  and  natural  environments.  Several  studies  [9,  11,  92,  118]  demonstrated  the 
reductive  dechlorination  of  pesticides  catalyzed  by  reduced  cobalamin.  More  recently 
the  reduction  of  a  variety  of  halogenated  methanes  and  ethanes  catalyzed  by 
metallomacrocycles  has  been  gaining  considerable  attention  [7,  29,  48,  70,  73,  75,  76, 
87,  88,  115,  144], 

Gantzer  and  Wackett  [48]  studied  dechlorination  mediated  by  several 
metallomacrocycles  in  model  biochemical  systems.  These  researchers  were  able  to 
extend  their  results  from  laboratory  model  systems  to  simulate  reaction  kinetics 
observed  in  microbial  dehalogenation  reactions.  They  proposed  that  microorganisms 
bio-engineered  for  increased  production  of  these  transition- metal  coenzymes  could  lead 
to  organisms  with  enhanced  biodegradative  capabilities. 
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An  alternative  remediation  strategy  to  the  use  of  macrocycle-enriched 
microorganisms  is  to  apply  the  transition -metal  cofactors  themselves.  Since  these 
compounds  are  essentially  acting  as  catalysts  they  can  be  reused  but  need  to  be  kept 
from  washing  out  of  the  system,  or  being  degraded.  Immobilization  of  the  metallo- 
macrocycle  is  one  possibility  to  use  the  catalyst  more  efficiently  in  contaminant 
transformation  processes.  This  was  the  motivation  behind  the  work  of  Marks  and 
Maule  [93,  94],  who  immobilized  porphyrins  and  corrinoids  on  a  variety  of  supports 
and  demonstrated  the  ability  of  these  bound  compounds  to  effect  reductive 
dehalogenation.  Sepharose,  Sephadex,  and  polystyrene  beads  were  used  as  supports  for 
the  metallomacrocycles  in  their  studies.  The  immobilized  compounds  were  able  to 
mediate  the  dehalogenation  of  lindane,  carbon  tetrachloride  and  methylene  chloride  to 
varying  degrees.  The  type  of  support,  and  the  binding  process  used,  was  observed  to 
have  an  effect  on  the  dehalogenating  activity  of  the  immobilized  complex. 

Other  materials  have  been  used  to  immobilize  metallomacrocycles,  including 
polymer  films  [100]  and  insoluble  surfactant  films  [95].  The  immobilization  of 
cyanocobalamin  on  talc  was  observed  by  researchers  studying  the  pharmaceutical 
pr6perties  of  this  corrinoid  [91,  98,  99].  Macek  and  Feller  [91]  observed  that 
cyanocobalamin  was  quantitatively  adsorbed  by  talc  in  aqueous  solutions  and  could  not 
be  eluted  from  the  talc  by  aqueous  extraction.  They  concluded  that  talc  renders 
cyanocobalamin  useless  in  pharmaceutical  preparations  due  to  unavailability  of  the 
cobalamin  for  absorption  in  vivo.  Moriguchi  and  Kaneniwa  [98,  99]  showed 
cyanocobalamin  adsorption  on  talc  to  be  10-fold  higher  than  other  water-insoluble 
pharmaceutical  lubricants.  Neither  of  these  studies  elucidated  a  mechanism  for  the 
immobilization  of  cyanocobalamin  on  talc. 

In  the  research  reported  here,  the  immobilization  of  cyanocobalamin  to 
Sepharose  and  talc  is  demonstrated.  The  effect  of  immobilization  of  cyanocobalamin  on 
the  reductive  dechlorination  of  carbon  tetrachloride,  and  the  use  of  this  immobilized 
complex  is  explored  as  a  means  to  enhance  pollutant  remediation  techniques. 

The  novel  use  of  talc  to  bind  cyanocobalamin  may  be  a  significant  strategy  for 
dehalogenation  of  environmental  contaminants.  Talc,  Mg3Si401o(OH)2> a  mineral 
clay  that  occurs  naturally  in  the  environment,  and  may  also  serve  as  a  model  for  the 
immobilization  of  microbial  enzymes  and  cofactors  in  the  subsurface. 
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Experimental 


Chemicals.  Chlorinated  solvents  were  obtained  in  high  purity  and  used  without 
further  purification.  These  included  carbon  tetrachloride,  HPLC  grade  (Aldrich); 
chloroform,  LC  grade,  preserved  with  1%  (v/v)  ethanol  (Burdick  &  Jackson); 
methylene  chloride,  99+%,  anhydrous  (Aldrich);  and  chloromethane,  99.5  +  % 
(Aldrich).  Saturated  aqueous  stock  solutions  of  these  halocarbons  were  prepared  by 
allowing  roughly  1  mL  of  organic  phase  to  equilibrate  with  40  mL  of  deionized  water 
(NANOpure,  18  MQ-cm)  in  glass  vials  capped  with  Teflon  Mininert  valves.  Aqueous 
standard  solutions  were  made  by  diluting  the  saturated  stock  solutions  with  deionized 
water.  Cyanocobalamin  (99%)  was  obtained  from  Aldrich  and  0.46  mM  stock  solutions 
wefe  made  either  in  02-free  deionized  water  without  buffer,  or  with  0.66  M 
tris(hydroxymethyl)aminomethane  (Tris,  Trizma)  buffer.  (Dicyano)cobalamin  was 
prepared  as  a  59  pM  stock  solution  in  1  mM  KCN,  pH  9.3.  The  dried  EA-Sepharose 
6B  (Pharmacia)  gel  was  washed  with  100  mL  deionized  water  per  1  g  (dry  wt)  of  gel, 
and  incubated  with  the  (dicyano)cobalamin  stock  solution  in  a  foil-covered  flask,  in  a 
37  °C  water  bath  for  24  hr.  The  Sepharose-bound  cobalamin  was  filtered  through  a 
glass  microfiber  filter  and  washed  with  150  mL  deionized  water,  100  mL  of  0.1  M 
bicarbonate  buffer  (pH  8),  and  0. 1  M  acetate  buffer  (pH  4).  The  gel-cobalamin 
complex  was  incubated  for  4  hr  in  1  M  ethanolamine  in  a  40  °C  water  bath,  then  rinsed 
with  deionized  water  and  filtered  before  use.  All  solutions  were  assayed  for  cobalamin, 
before  and  after  adsorption.  A  flaky,  white  talc  originating  from  Balmat,  New  York 
was  purchased  from  Ward  Scientific,  and  ground  with  a  coffee  grinder  until  powdery 
before  use.  A  2-g  sample  of  talc  was  incubated  in  50  mL  buffered  cyanocobalamin 
solution  at  20  °C,  in  a  foil-covered  flask,  on  a  platform  shaker  at  200  rpm.  The  talc- 
cobalamin  was  filtered  and  washed  with  40  mL  deionized  water  two  times  before  use. 

Buffers  were  reagent  grade  and  used  as  received  (Sigma).  These  included  Tris, 
2-(N-morpholino)ethanesulfonic  acid  (MES),  3-(N-morpholino)propanesulfonic  acid 
(MOPS).  Anaerobic  solutions  of  all  media  were  prepared  by  purging  for  roughly  1  hr 
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with  zero-grade  N2  that  was  deoxygenated  by  passing  through  a  heated  column  of 
reduced  copper. 


Analyses.  Two  chromatographic  methods  were  used  at  various  stages  of  this 
study  to  determine  the  aqueous  concentration  of  chlorinated  solvents.  In  one  method  a 
0.1-mL  sample  was  withdrawn,  via  an  evacuated  chamber,  from  the  headspace  of  the 
sample  vial  kept  at  25  °C  in  a  water  bath.  This  was  then  injected  into  a  30-m  x  0.53- 
mm  ID  (5%  phenyl)  95%  methylsilicone  capillary  column  (Supelco)  in  an  oven  heated 
to  150  °C.  Satisfactory  results  were  obtained  with  FID.  Aqueous  concentrations  were 
calculated  from  the  headspace  gas  concentrations  using  the  appropriate  Henry's  Law 
constants  at  25  °C  [55] .  The  second  gas  chromatography  method  used  a  modification  of 
the  method  for  direct  aqueous  injection  on  capillary  columns  developed  by  Grob  [56] . 

A  2-p.L  liquid  sample  was  taken  directly  from  the  reaction  bottles  and  injected  via  an 
on-column  inlet  at  92  °C,  to  a  2.5-m  x  0.53-mm  ID  precolumn  attached  to  a  30-m  x 
0.53-mm  ID  DB  624  analytical  column  (J&W)  in  an  oven  heated  to  104  °C. 

Satisfactory  results  were  obtained  with  detection  by  FID.  Peaks  were  identified  by 
comparison  with  the  retention  times  of  standard  compounds.  Methane  was  determined 
from  a  gas  sample  taken  from  the  headspace  of  the  model  system  by  two 
chromatographic  methods:  the  first  method  described  above,  and  by  analyzing  a  10  pL 
gas  sample  removed  from  the  headspace  of  the  culture  vessel  for  methane  by  gas 
chromatograpy  with  a  2  m  x  4  mm  ID  column  packed  with  activated  charcoal  and 
quantification  by  FID. 

Cobalamin  concentrations  were  determined  spectrophotometrically  from  their 
absorbances  at  551  nm  for  cyanocobalamin  (molar  extinction  coefficient,  e=8740  mL 
(mmol'1)  and  543  nm  for  (dicyano)cobalamin  (e=8600  mL(mmoH)  [117],  Calibration 
curves  were  also  developed  for  the  two  cobalamin  compounds.  Concentrations 
determined  via  response  factors  generated  from  the  calibration  curve  or  from  the  molar 
extinction  coefficients  were  not  significantly  different,  and  both  methods  were  used. 


Dehalogenation  Studies.  Two  types  of  batch  systems  were  used  for 
dehalogenation  studies.  Initial  studies  were  carried  out  in  10-mL  foil  covered  serum 
bottles  with  1-mL  liquid  volume  and  ^-sparged  headspace.  These  were  incubated  at 
25  °C  in  a  temperature  controlled  water  bath.  Later  studies  used  60-mL  foil  covered 
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unless  otherwise  noted)  and  incubated  at  room  temperature,  ca.  25  °C.  An  aqueous, 
saturated  stock  solution  of  chlorinated  compound  was  added  through  the  stopper  at  the 
initiation  of  the  dechlorination  experiment.  One-half  hour  prior  to  the  addition  of 
chlorinated  substrate,  Ti(III)  citrate  [154]  was  added  to  reduce  the  cyanocobalamin. 
Table  3.1  lists  the  amounts  of  each  component  used  for  the  different  experiments.  The 
bottles  were  mixed  immediately  after  this  addition,  and  throughout  the  experiment, 
either  by  hand  at  regular  intervals  or  on  a  rotary  shaker  at  15  rpm  (approx.  15  cm  orbit 
radius). 


> 
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Results  and  Discussion 


Dehalogenation  by  Ti(m)  and  Other  Losses.  In  order  to  achieve 
dechlorination  mediated  by  cyanocobalamin  in  batch  systems,  it  is  necessary  to  provide 
a  bulk  electron  donor  that  reduces  the  mediator  before  it  reacts  with  the  halogenated 
substrate.  Ti(III)  citrate  has  been  used  as  an  electron  donor  in  similar  studies  of  this 
nature  [48,  75],  and  was  also  found  to  be  effective  in  the  dehalogenation  studies 
reported  here.  In  control  experiments  for  reduction  by  the  electron  donor  alone,  Krone 
and  co-workers  [75]  observed  slow  reduction  of  carbon  tetrachloride  by  Ti(III)  that 
ceased  after  30  min.  Ti(III)  was  not  observed  to  dechlorinate  methylene  chloride  and 
chloromethane  in  their  studies.  Gantzer  and  Wackett  [48]  reported  that  no  reduction  of 
chldrinated  ethylenes  or  aromatics  occurred  in  the  presence  of  their  Ti(III)-only 
controls.  In  the  dehalogenation  experiments  reported  here,  controls  containing  27  pmol 
Ti(III)  citrate  in  anoxic,  aqueous  solution  did  not  produced  measurable  loss  of  carbon 
tetrachloride  although  small  amounts  of  methylene  chloride  ( <  1  %  of  the  parent 
substrate  concentration)  were  produced  over  the  duration  of  the  dehalogenation 
experiments  (120  minutes).  This  reduction  is  not  significant  compared  to  the 
dechlorination  rate  in  the  presence  of  the  cobalamin  and  results  were  not  routinely 
corrected  for  this. 

Losses  of  0-10%  of  carbon  tetrachloride  to  the  stopper  were  observed  in 
controls  containing  only  the  chlorinated  substrate  in  anoxic,  aqueous  systems  during  the 
duration  of  these  dehalogenation  experiments  (120  minutes).  Methylene  chloride  losses 
in  substrate-only  controls  were  much  higher  at  10-20%,  probably  due  to  the  increased 
duration  of  these  experiments  (typically  3  days).  Results  are  reported  without  correction 
for  these  losses. 


Dehalogenation  With  Unbound  Cobalamin.  Initial  experiments  with 
cyanocobalamin  were  designed  to  be  comparable  to  studies  previously  reported  by 
others  [48,  73,  75].  Similar  reduction  rates  and  products  were  observed  in  the  studies 
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reported  here.  Both  cyanocobalamin  and  (dicyano)cobalamin  catalyzed  the  reduction  of 
carbon  tetrachloride  and  methylene  chloride  to  sequentially  reduced  products,  with 
Ti(III)  as  the  reductant.  Figure  3.2  illustrates  the  product  distribution  observed  in  a 
typical  dehalogenation  experiment.  Chloroform,  methylene  chloride,  chloromethane 
and  methane  were  produced  during  cobalamin-catalyzed  reduction  of  carbon 
tetrachloride.  Mass  balance  was  approximately  100%  during  the  entire  dechlorination 
process. 

The  data  in  Figure  3.2  have  been  fit  by  nonlinear  regression  to  the  integrated 
rate  laws  for  the  sequential  first-order  reactions  [27]: 


[CC14],  =[CCI4]maxe'k|t 

(1) 

[CHC13],  =  iCHCI:,h'axkl  (g-M  _ e-M  ) 

1  k2~kl 

(2) 

[CH2C12  ]t  =  [CH2^l2]max^2_(e-k2t  .  e-k3t  ) 

k3  ‘  k2 

(3) 

[CH3Cl]t  =  -e'M) 

k4  ‘  k3 

(4) 

[CH4],  ~[CH4]max(l-e'klt) 

(5) 

where  kl  is  the  first-order  rate  constant  for  dechlorination  of  carbon  tetrachloride  to 
chloroform,  k2  is  the  rate  constant  for  conversion  of  chloroform  to  methylene  chloride, 
k3  is  the  rate  constant  for  methylene  chloride  dechlorination  to  chloromethane,  and  k4  is 
the  rate  constant  for  conversion  of  chloromethane  to  methane.  The  results  of  these 
calculations  are  presented  in  Table  3.2.  First-order  kinetics  were  observed  in  these 
experiments,  verifying  that  the  steady-state  concentration  of  reduced  cyanocobalamin 
was  present  in  excess  amount  relative  to  the  chlorinated  compound.  The  similarity  of 
the  k3  predicted  by  equation  3  to  that  determined  in  equation  4  indicates  that  the 
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dechlorination  of  chloroform  to  methylene  chloride  was  adequately  described  by  these 
equations.  However,  the  differences  between  the  corresponding  parameters  in  Table 
3.2,  and  poor  degree  of  fit  for  some,  suggest  that  a  more  complicated  pathway  than 
sequential  dechlorination  may  be  involved.  Similar  complexities  were  observed  by 
Gantzer  and  Wackett  [48]  for  cyanocobalamin-catalyzed  reduction  of 
tetrachloroethylene.  Krone  and  coworkers  [75]  attempted  to  explain  similar 
observations  in  their  systems,  with  either  Ti(III)  or  dithiothreitol  as  the  reductant,  by 
proposing  several  different  reaction  schemes  in  which  the  cobalt  center  of  the  active 
cobalamin  was  in  the  4- 1  oxidation  state.  Recently,  Assaf-Anid  and  coworkers  [7] 
reported  the  results  of  a  mechanistic  study  of  carbon  tetrachloride  reduction  by 
cyanocobalamin.  Their  results  indicated  that  cobalamin(II)  is  the  predominant  form  in 
the  presence  of  the  reductant  dithiothreitol.  However,  their  results  differ  from  the 
results  of  my  experiments  since  carbon  tetrachloride  reduction  in  these  systems  did  not 
yield  stoichiometric  amounts  of  sequentially  reduced  products.  The  authors  propose  the 
formation  of  non-volatile  or  non-chlorinated  products  that  would  not  be  identified  by 
their  analytical  method.  Sufficient  reductant  and  cobalamin  concentrations  were  used  to 
ensrire  that  these  compounds  were  not  limiting  factors  in  the  reaction  kinetics, 
suggesting  that  it  was  the  reaction  pathway  that  differed  in  these  experiments.  Their 
studies  also  indicate  that  the  reaction  pathway  for  dechlorination  of  chlorinated  alkanes 
by  cyanocobalamin  is  complex  and  may  be  very  sensitive  to  system  conditions. 

When  methylene  chloride  was  the  initial  substrate  in  the  studies  reported  here, 
dechlorination  by  reduced  cyanocobalamin  occurred  at  similar  rates  and  exhibited 
similar  product  distributions  as  the  methylene  chloride  disappearance  in  experiments 
where  it  was  generated  as  a  product  of  sequential  dechlorination  of  carbon 
tetrachloride.  The  natural  logarithm  of  the  disappearance  of  methylene  chloride 
concentration  with  time  is  shown  in  Figure  3.3. 

Immobilization  of  Cobalamin  on  Sepharose.  Sepharose-immobilized 
cobalamin  was  studied  to  determine  whether  the  bound  metallomacrocycle  can  also 
catalyze  dechlorination.  Demonstration  of  immobilization  of  cyanocobalamin,  without 
reduction  of  its  dechlorinating  activity,  could  form  the  basis  for  remediation  strategies 
using  cyanocobalamin.  A  well-defined  polymer,  EA(epoxy  activated)-Sepharose  6B, 
was  used  to  immobilize  (dicyano)cobalamin  for  dechlorination  studies.  EA-Sepharose  is 
designed  for  making  stable  linkages  with  small  ligands  used  to  recognize  target 
compounds  in  affinity  chromatography.  EA-Sepharose  is  formed  by  reacting  Sepharose 
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6B  with  l,4-te-(2,3-epoxypropoxy-)  butane.  A  stable  ether-linkage  is  formed  between 
the  hydrophilic  spacer  and  the  matrix.  Free  oxirane  groups  couple  via:  i)  ether  bonds 
with  hydroxyl  moieties;  ii)  alkylamine  linkages  with  amino  groups;  or  iii)  thioether 
linkages  with  thiol  groups. 

In  this  study,  approximately  1.92  pmol  of  (dicyano)cobalamin  was  immobilized 
on  1  g  (dry  wt)  Sepharose  at  pH  9.3.  This  is  less  than  3%  of  the  total  EA-Sepharose 
binding  sites,  giving  approximately  97%  of  unbound  oxirane  groups.  The  experimental 
conditions  during  binding,  e.g.  pH  and  temperature,  may  have  not  been  optimal  for 
efficient  binding  of  the  cobalamin  to  EA-Sepharose.  A  faster  rate  of  dechlorination  was 
obtained  with  cobalamin  bound  to  EA-Sepharose  at  pH  11  (data  not  shown),  although 
the  amount  of  cobalamin  bound  was  not  measured  in  these  experiments.  While  the  high 
degree  of  unbound  sites  might  be  able  to  bind  metals  and  become  catalytic  themselves, 
the  ethanolamine  step  of  the  binding  procedure  described  above  should  block  any 
unreacted  sites.  Since  Sepharose  controls  were  not  performed  without  bound 
cyanocobalamin,  it  is  difficult  to  rule  out  the  activity  of  the  unbound  sites. 

The  binding  of  cyanocobalamin  to  EA-Sepharose  may  have  also  occurred  via 
coupling  through  the  cobalt  center  of  the  molecule.  Chelation  of  divalent  cations  is 
possible  with  a  form  of  Sepharose  containing  a  AMiydroxysuccinimide  spacer  arm.  EA- 
Sepharose  may  also  bind  divalent  cations,  and  thus  bind  Co(II)-cobalamins  through  the 
metal  center  of  the  molecule,  negatively  affecting  the  ability  of  the  mediator  to 
participate  in  the  dehalogenation  process. 


Dehalogenation  of  Chlorinated  Methanes  by  Sepharose-Bound  Cobalamin. 

EA-Sepharose-immobilized  (dicyano)cobalamin,  in  the  presence  of  Ti(III),  catalyzed 
the  dehalogenation  of  chlorinated  methanes  to  sequentially  reduced  products.  The  gel- 
bound  cobalamin  could  be  recycled  by  washing  and  filtering  with  deionized  water, 
without  measurable  loss  of  cobalamin.  The  recycled  gel  exhibited  dechlorination  rates 
similar  to  the  initial  experiments.  The  ratio  of  Ti(III)  to  cobalamin  to  chlorinated 
compound  was  42:1:2.5,  which  is  a  sufficient  excess  of  reductant  to  allow  for  first- 
order  reaction  conditions.  However,  the  observed  disappearance  kinetics  in  all 
experiments  consistently  indicate  that  the  reaction  rate  declines  with  time  (Figure  3.4). 
There  are  several  possible  explanations  for  the  tailing  of  the  data.  One  of  which  is  that 
the  amount  of  active  cobalamin  present  may  have  been  reduced  because  of  the  chelation 
the  cobalt  center,  thus  the  system  may  have  become  limiting  in  cobalamin  concentration 
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and  subject  to  second-order  kinetics.  In  an  experiment  similar  to  the  one  performed 
here,  Marks  and  Maule  [94]  observed  that  cobalamin  and  porphyrins  were  able  to 
catalyze  dechlorination  when  bound  to  polystyrene  beads  but  not  Sepharose.  In  their 
experiments,  cobalamins  bound  to  several  types  of  activated  Sepharose  were  unable  to 
catalyze  the  dechlorination  of  halomethanes  in  the  presence  of  a  reductant.  These 
results  indicate  that  the  dechlorinating  activity  of  metal-centered  macrocycles  is  affected 
by  the  binding  of  these  compounds  on  various  types  of  activated  Sepharose. 

Although  the  dicyano  form  of  the  cobalamin  was  bound  to  Sepharose  in  our 
experiments,  the  unbound  form  was  able  to  catalyze  rapid  dehalogenation  reactions 
with  first-order  kinetics  similar  to  the  experiments  presented  above  for  unbound 
cyanocobalamin  (data  not  shown). 


Immobilization  of  Cobalamin  to  Talc.  Talc  was  selected  as  an  alternative 
support  for  cyanocobalamin  based  on  its  prior  demonstration  of  irreversible  sorption  of 
this  cofactor  [91].  Using  the  procedure  described  above,  and  exposing  the  talc  to 
cyanocobalamin  for  24  hr,  90-210  nmol  cobalamin  was  bound  per  g  talc  (dry  wt).  This 
is  approximately  l/26th  the  amount  bound  per  g  (dry  wt)  in  the  Sepharose  experiments. 

Figure  3.5  shows  that  the  pH  of  the  binding  solution  affected  the  amount  of 
cyanocobalamin  immobilized  to  talc,  with  more  cyanocobalamin  immobilized  by  talc  at 
lower  pH  values.  The  effect  of  pH  on  binding  to  talc  may  be  due  to  the  replacement  of 
CN  in  the  |3  position  by  OH  at  more  alkaline  pH  values  [117]. 

The  experimental  conditions,  e.g.  pH  and  temperature,  could  have  affected  the 
binding  mechanism  by  the  talc  material  itself.  The  mechanism  for  cyanocobalamin 
adsorption  to  talc  has  not  been  described  in  detail,  even  though  this  phenomenon  has 
been  known  for  many  years  [91].  Moriguchi  and  Kaneniwa  [98,  99]  observed  that 
adsorption  of  cyanocobalamin  to  talc  in  controlled  laboratory  experiments  could  be 
described  with  Langmuir  isotherms.  However,  these  authors  did  not  speculate  on  the 
mechanism  of  binding.  Porphyrin  complexation  with  montmorillonites,  of  the  same 
clay-mineral  group  as  talc,  was  observed  by  van  Damme  and  coworkers  [139].  Various 
degrees  of  protonation  of  the  porphyrin  complexes  were  observed  during  adsorption  on 
the  montmorillonites.  The  protonated  forms  of  the  metallomacrocycles  are  more  likely 
to  be  intercalated  between  the  negatively  charged  silicate  sheets.  This  suggests  that 
lower  pH  values  might  be  more  conducive  for  metallomacrocycle  adsorption  which  is 
consistent  with  the  results  shown  in  Figure  3.5.  These  observations  are  speculations  of 


the  author  and  may  not  extend  to  talc  because  talc  interlayers,  unlike  those  of 
montmorillonite,  do  not  favor  cation  exchange  reactions  [12]. 
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Dehalogenation  of  Chlorinated  Methanes  by  Talc-Bound  Cobalamin.  Talc- 
immobilized  cyanocobalamin,  with  Ti(III)  as  the  reductant,  catalyzed  the 
dehalogenation  of  both  carbon  tetrachloride  and  methylene  chloride.  Plots  of  natural 
logarithm  of  carbon  tetrachloride  concentration  versus  time  (Figure  3.6)  were  observed 
to  be  linear  (1-3  half-lives,  typical  r2  '0.9,  n=4-8),  indicating  that  the  reaction  rate  was 
first-order  in  substrate  concentration.  The  rate  of  dechlorination  observed  with  talc- 
immobilized  cyanocobalamin  (1^=0.028,  r2 =0.996,  n=8)  was  0.7  times  the  rate 
observed  with  the  unbound  cobalamin  (1^=0.040,  r2=0.992,  n=4).  This  lower  kobs 
of  the  talc-bound  cyanocobalamin  is  probably  due  to  the  difference  of  cobalamin 
present  in  the  bound  versus  unbound  bottles.  The  unbound  cobalamin  was  present  at 
approximately  twice  the  concentration  of  the  bound  cobalamin  concentration  in  this 
experiment.  The  relative  concentrations  of  Ti(III)  to  talc-bound  cyanocobalamin  to 
carbon  tetrachloride  was  314:1:6.6.  Similarly  to  all  previous  experiments,  sequentially 
reduced  products  were  observed,  with  the  terminal  product  being  methane.  Mass 
balance  for  these  experiments  was  approximately  70%.  Not  included  in  this  calculation 
is  the  detection  of  a  small  peak  that  increased  throughout  the  cobalamin-talc 
dechlorination  studies,  and  was  qualitatively  identified  as  hexachloroethane  by 
comparison  with  aqueous  samples  of  this  compound  but  was  not  quantified.  This 
product  could  be  formed  by  coupling  of  trichloromethyl  radicals  during  the 
dechlorination  process  (Figure  1.1). 

Control  experiments  showed  that  carbon  tetrachloride  concentrations  decreased 
in  the  presence  of  Ti(III)  and  talc  without  bound  cyanocobalamin,  over  the  duration  of 
a  two-day  experiment.  A  small  amount  of  chloroform  was  observed  that  was  less  than 
1  %  of  the  initial  substrate  concentration,  and  the  rate  of  disappearance  was  one  order  of 
magnitude  slower  than  in  the  presence  of  cyanocobalamin.  It  is  not  surprising  that  talc 
should  catalyze  some  dechlorination  in  the  presence  of  a  reductant.  Reactions  of 
organics  on  clay  surfaces  have  been  documented  [79],  but  are  usually  slow  relative  to 
the  rates  of  the  dechlorination  reactions  reported  here.  Kriegmann-King  and  Reinhard 
[72]  observed  these  types  of  slow  transformation  rates  for  nucleophilic  substitution  and 
hydrolysis  of  carbon  tetrachloride  in  batch  systems  containing  biotite,  or  vermiculite, 
and  bisulfide.  The  transformations  were  more  rapid  in  systems  containing  the  mineral 
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than  without,  but  the  highest  rate  observed  was  two  orders  of  magnitude  lower  than 
those  observed  in  our  studies  with  cyanocobalamin  bound  to  talc. 

The  adsorption  of  carbon  tetrachloride  to  the  clay  may  also  have  occurred  in  the 
studies  reported  here.  No  measurements  of  sorption  were  made  independent  of  reaction 
in  these  experiments.  The  possibility  of  substrate  adsorption  to  the  talc  is  remote  in 
these  systems  due  to  the  hydrophilic  nature  imparted  to  most  natural  clay  materials  by 
the  hydration  of  their  surface  cations.  Kriegmann-King  and  Reinhard  [72]  observed 
adsorption  of  only  3%  of  the  carbon  tetrachloride  in  studies  lasting  over  4  weeks.  The 
sorption  of  organics  to  clay  surfaces  can  be  modified  by  ion  exchange  between  organic 
cations  and  the  metal  cations  on  the  exchange  sites  of  clays  [19].  These  modified  clay 
surfaces  are  relatively  organophilic  and  can  sorb  alkyl  hydrocarbon  moieties  more 
efficiently  [58,  67].  It  is  unlikely  that  the  surface  of  the  talc  used  in  this  study 
underwent  any  exchange  reactions  with  organic  cations. 
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Conclusions  and  Practical  Applications 


Immobilized  mediators  for  use  in  remediation  strategies.  Metallomacrocycles 
can  be  highly  efficient  catalysts  of  dehalogenation  reactions  so  small  quantities  of  these 
compounds  should  be  able  to  effect  significant  amounts  of  dechlorination.  However,  to 
be  useful  in  environmental  remediation  applications,  it  is  necessary  to  retain  the 
metallomacrocycles  in  the  reaction.  Only  in  this  way  can  these  compounds  be  cost- 
effective  in  remediation.  This  strategy  has  been  employed  by  several  groups  for  the  use 
of  cyanocobalamin-in  biochemical  and  engineering  processes  [93,  94,  95,  100,  117]. 

Several  types  of  supports  can  be  used  to  immobilize  cyanocobalamin,  including 
polymer  coatings  [100],  insoluble  films  liquid  crystal  films  of  cationic  surfactant  [95], 
ancf polystyrene  beads  and  various  forms  of  activated  Sepharose  [94].  The  family  of 
activated  Sepharose  materials  are  appealing  model  systems  for  support  because  of  the 
unreactivity  of  the  Sepharose  itself,  and  the  ability  to  choose  a  defined  mechanism  of 
binding  based  on  the  type  of  ligand.  However,  the  binding  process  requires  additional 
chemicals  that  could  make  activated  Sepharose  expensive  and  unwieldy  to  use.  Also, 
the  binding  of  cyanocobalamin  to  the  functional  groups  of  activated  Sepharose  materials 
may  interfere  with  the  cobalamins  dehalogenating  activity  towards  some  halogenated 
compounds  [94]. 

In  an  effort  to  identify  a  less  expensive  material  for  immobilization  of  cyanocobalamin, 
talc  was  studied  for  its  ability  to  bind  this  metallomacrocycle  for  use  in  dehalogenation  studies. 
Talc-immobilized,  Ti(III)-reduced  cyanocobalamin  was  able  to  reductively  dechlorinate  carbon 
tetrachloride  in  our  studies  at  rates  similar  to  the  unadsorbed  cobalamins.  These  findings 
suggest  that  talc  may  be  an  effective  and  relatively  inexpensive  material  for  the  immobilization 
of  metallomacrocycles  for  use  in  pollutant  remediation  strategies.  In  addition  to  its  potential 
use  in  remediation,  talc  may  also  bind  cyanocobalamin,  and  other  metallomacrocycles  in 
natural  systems.  Talc  is  a  natural  geologic  mineral  clay  belonging  to  the  phyllosilicate  subclass 
of  the  silicates.  The  ability  to  bind  metallomacrocycles  may  also  be  true  for  other  mineral- 
clays  of  this  group.  Montmorillonite  is  able  to  bind  porphyrins  [139]  and  immobilization  of 
metallomacrocycles  may  also  be  possible  with  other  mineral  clays,  such  as  vermiculite,  micas, 
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and  pyrophillite  talc.  More  study  needs  to  be  done  to  determine  the  types  of  geologic  material 
that  bind  metallomacrocycles,  and  the  mechanism(s)  of  immobilization. 
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Table  3.1  Initial  conditions  for  dechlorination  experiments.3 


Experiment 

Cobalamin 

(limol) 

Ti(in)  citrate 

(pmol) 

Halomethane  (pmol) 

Unbound  B12b 

0.046 

27 

CC14=2.2  ,  CH2C12=13.2 

Sepharose-bound  B12c 

0.640 

27 

CC14  =  11  ,  CH2C12  =  11 

0.8  gram  gel  (wet  wt) 

Talc-bound  B12b 

0.210-0.090 

66 

O 

r*H 

II 

r“ M 

u 

u 

1  gram  talc  (dry  wt.) 

aAll  experiments  were  performed  at  pH  7  in  foil-covered  vials,  incubated  at  25  °C  on  a 
rotary  shaker  (15  rpm). 
b  cyano  form 
c  dicyano  form 
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Table  3.2  Kinetics  of  carbon  tetrachloride  disappearance.3 


RX 

[RXJmax  (MM) 

kj  (min.-1) 

^2  (min.*1) 

kj  (min.-1) 

k4  (min._1) 

CC14 

183+1.4 

0.21±0.01 

CHC13 

68±0.8 

0.10±0.98 

0.11±1.05 

ch2ci2 

17±1.7 

0.11±0.06 

3.3X10-4 

±1. 7X10-4 

CH3C1 

64±0.8 

0.11±0.04 

3.3xKH 

±1.7xl0'5 

ch4 

157±16 

0.01 

±3.0x10-3 

3  Experiment  performed  at  25  °C  in  foil-covered  vials  with  27  pmol  Ti(III)citrate,  46 
nmol  (dicyano)cobalamin,  and  2.2  pmol  carbon  tetrachloride.  Uncertainties  are  one 
sd  in  the  fitted  parameter  from  nonlinear  regression  of  equations  1-5. 
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Figure  3.1  Scheme  showing  proposed  pathways  for  the  reduction  of  organic 
substrates  involving  an  electron-transfer  "mediator".  Possible  electron  donors  in 
the  environment  include  microorganisms,  organic  matter,  and  minerals. 
Probable  mediators  are  porphyrins,  corrinoids,  flavins,  quinones,  and  enzymes. 
Substrate  examples  include  halogenated  hydrocarbons  and  nitro  aromatics.  This 
figure  illustrates  the  role  of  the  mediator,  which  is  responsible  for  the  accepting 
electrons  from  a  donor  and  transferring  them  to  an  oxidized  organic  substrate. 
The  mediator  is  cycled  between  reduced  and  oxidized  states.  Similar  figures  can 
be  found  in  literature,  including  Glass  [53],  Esaac  and  Matsumura  [44], 
Schwarzenbach  et  al.  [119]  and  Kobayashi  and  Rittman  [71]. 


Concentration  (|xM) 
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Time  (Hours) 


Figure  3.2  Disappearance  of  carbon  tetrachloride  with  appearance  of 
corresponding  sequential  dehalogenation  products  in  a  system  containing  46 
nmol  cyanocobalamin,  27  pmol  Ti(III)citrate,  and  2.2  pmol  carbon  tetrachloride 
at  pH  7,  25°C.  Compounds  were  measured  in  the  gas  phase  and  total 
concentrations  calculated  using  Henry's  Law  constants.  Graphed  values 
represent  total  concentrations  and  regression  lines  correspond  to  equations  1-5. 
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Figure  3.3  First-order  disappearance  plot  for  dechlorination  of  methylene 
chloride  by  reduced  cyanocobalamin.  Experiment:  46  nmol  cyanocobalamin,  27 
l^mol  Ti(III)citrate,  and  13  pmol  methylene  chloride,  at  25  °C,  pH  7. 


me  (minutes) 


n  tetrachloride  is  sequentially  reduced  by  (dicyano)cobalamin 
VSepharose  in  the  presence  of  a  reductant.  Cyanocobalamin, 
citrate,  27  pmol;  Sepharose,  0.3  g  (dry  wt.);  pH  7;  25°C. 


Figure  3.5  Variation  of  the  amount  of  cyanocobalamin  immobilized  on  talc  with 
variation  of  pH.  Buffers  used  are  described  in  text.  Immobilizations  were 
performed  in  foil-covered  serum  bottles  incubated  on  a  platform  shaker  at  20  °C 
for  24  hr. 


InCt/Co 


50 


Time  (minutes) 


Figure  3.6  First-order  disappearance  plot  for  carbon  tetrachloride  in  the 
presence  of  reduced  cyanocobalamin  immobilized  on  talc.  Cyanocobalamin, 
0.046  pmol;  Ti(III)citrate,  66  pmol;  2  g  talc;  pH  7;  incubated  at  25  °C  on  a 
platform  shaker.  Closed  triangles  =  dechlorination  by  reduced,  unbound 
cyanocobalamin;  closed  squares  =  dechlorination  by  reduced,  talc-bound 
cyanocobalamin;  open  squares  =  dechlorination  by  recycled  talc-bound 
cyanocobalamin. 
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Abstract 


Reduction  of  chlorinated  solvents  by  fine-grained  iron  metal  was  studied  in 
well-mixed  anaerobic  batch  systems  to  assess  the  utility  of  this  reaction  in  remediation 
of  contaminated  groundwater.  Iron  sequentially  dehalogenates  carbon  tetrachloride,  via 
chloroform,  to  methylene  chloride.  The  initial  rate  of  each  reaction  was  pseudo- first- 
order  in  substrate  and  became  substantially  slower  with  each  dehalogenation  step.  Thus, 
carbon  tetrachloride  degradation  typically  occurred  in  several  hours,  but  no  significant 
reduction  of  methylene  chloride  was  observed  over  one  month.  Trichloroethene  is  also 
dechlorinated  by  iron,  although  more  slowly  than  carbon  tetrachloride.  Increasing  the 
clean  surface  area  of  iron  greatly  increased  the  rate  of  carbon  tetrachloride 
dehalogenation,  whereas  increasing  pH  decreased  the  reduction  rate  slightly.  The 
reduction  of  chlorinated  methanes  in  batch  model  systems  appears  to  be  coupled  with 
oxidative  dissolution  (corrosion)  of  the  iron  through  a  largely  diffusion  limited  surface 
reaction. 
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Introduction 


In  the  last  few  years,  new  interest  in  the  reactions  of  reducing  metals  has  been 
created  by  contemporary  concerns  with  environmental  protection,  and  an  increasing 
number  of  research  groups  are  working  to  access  the  utility  of  these  reactions  in 
treatment  of  contaminated  materials.  Most  of  the  work  reported  to  date  has  focused  on 
reactor  design.  For  example,  Senzaki  and  coworkers  [121,  122]  reported  extensive 
dehalogenation  of  1,1,2,2-tetrachloroethane  and  trichloroethene  by  iron  over  a  range  of 
conditions  in  a  variety  of  batch  and  column  reactors.  Subsequently  they  extended  this 
work,  showing  that  the  rate  of  reduction  could  be  increased  by  the  amalgamation  of 
iron  with  other  metals,  and  that  iron  surface  area  seemed  to  have  the  greatest  influence 
on-dhe  reaction  rate  [120].  A  full-scale  column  reactor  has  been  described  by  Sweeny 
[133,  134],  This  device  has  been  tested  for  treatment  of  industrial  wastewaters  using 
various  combinations  of  Zn,  Cu,  Al,  and  Fe  mixed  with  sand.  Their  systems  were 
reported  to  dehalogenate  trihalomethanes,  chloroethenes,  chlorobenzene,  chlordane, 
and  polychlorinated  biphenyls  (PCBs),  as  well  as  degrading  atrazine,  nitrophenols,  and 
N-nitrosodimethylamine.  Not  all  of  these  reactions  were  well  documented,  however, 
and  it  has  been  concluded  by  others  that  the  apparent  transformation  of  PCBs  was  due 
to  sorption  effects  in  the  reactor  column,  rather  than  dechlorination  [43]. 

Another  approach  to  the  use  of  iron  metal  in  environmental  remediation 
originated  with  a  study  of  groundwater  sampling  techniques  by  Reynolds  and 
coworkers  [111].  These  workers  observed  that  halogenated  hydrocarbon  solvents  were 
unstable  in  the  presence  of  some  commonly-used  well  casing  materials.  Further 
investigation  of  this  effect  indicated  that  most  of  the  apparent  degradation  was  due  to 
dehalogenation  and  the  reaction  occurred  in  the  presence  of  galvanized  steel,  stainless 
steel,  aluminum,  and  iron.  Since  iron  is  relatively  inexpensive  and  non  toxic,  it  was 
proposed  that  it  could  be  useful  for  the  in  situ  remediation  of  contaminated 
groundwaters.  Preliminary  laboratory  tests  showed  that  industrial  waste  iron  filings 
produced  rapid  and  extensive  reduction  of  dilute  aqueous  chlorinated  solvents  [52, 

104].  On  the  basis  of  on  these  results,  a  pilot-scale  field  study  was  initiated  consisting 
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of  a  permeable  barrier,  containing  iron  filings  and  sand,  buried  perpendicular  to  the 
path  of  an  artificial  plume  of  chlorinated  hydrocarbons.  During  the  year  after 
installation,  the  barrier  effectively  reduced  tetrachloroethylene  and  trichloroethylene  as 
evidenced  by  a  roughly  stoichiometric  increase  in  dissolved  chloride,  and  identification 
of  trace  concentrations  of  dechlorination  products  [101]. 

The  success  of  this  field  demonstration  has  attracted  considerable  attention  to 
the  possibility  of  remediating  halocarbon-contaminated  groundwaters  by  dehalogenation 
with  granular  iron.  Both  in  situ  reactive  barriers  and  above-ground  reactors  are  being 
developed  for  this  purpose.  However,  the  effective  design  and  operation  of  these 
systems  will  be  improved  by  a  more  detailed  process-level  understanding  of 
iron/contaminant  interactions  in  porous  media.  The  purpose  of  our  work  in  this  area  is 
to  contribute  to  such  an  understanding.  In  this  report  we  describe  the  mechanism  and 
kinetics  of  transformations  taking  place  in  laboratory  model  systems  containing  low 
concentrations  of  chlorinated  methanes  in  the  presence  of  granular  iron  under  anaerobic 
conditions.  Further  investigations  are  underway,  by  ourselves  and  others,  to  address 
additional  transport,  geochemical,  and  microbiological  factors  that  may  be  important 
under  environmental  conditions. 
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Chemical  Background 


The  redox  couple  formed  by  zero-oxidation  state,  metallic  iron  and  dissolved 
aqueous  Fe2+,  has  a  standard  reduction  potential  of  -0.440  V  [20] 

Fe2+  +  2e-  -»  Fe.  (1) 

This  makes  iron  metal  a  reducing  agent  relative  to  many  redox-labile  substances, 
including  hydrogen  ions,  carbonate,  sulfate,  nitrate,  and  oxygen.  Alkyl  halides,  RX, 
can  also  be  reduced  by  iron.  In  the  presence  of  a  proton  donor  like  water,  they 
typically  undergo  reductive  dehalogenation. 

RX  +  2e-  +  H+  ->  RH  +  X*  (2) 

The  estimated  standard  reduction  potentials  of  this  half-reaction  for  various  alkyl 
halides  range  from  +0.5  to  +1.5  V  at  pH  7  [141].  Thus,  the  net  reaction  of  eqs  1  and 
2  is  thermodynamically  very  favorable  under  most  conditions. 

Fe  +  RX  +  H+  ->  Fe2+  +  RH  +  X’  (3) 

The  general  reaction  represented  by  eq  3  is  a  well-known  member  of  a  class  of 
reactions  known  as  dissolving  metal  reductions,  which  have  been  used  in  organic 
synthesis  for  over  140  years  [61,  62]. 

The  net  reductive  dehalogenation  by  iron  (eq  3)  is  equivalent  to  iron  corrosion 
with  the  alkyl  halide  serving  as  oxidizing  agent.  Since  alkyl  halides  are  widely  used  as 
solvents  and  lubricants,  their  interaction  with  industrial  metals  has  been  of  considerable 
interest.  For  example,  the  effect  of  water  on  the  corrosion  of  iron  and  steel  by  carbon 
tetrachloride  was  under  investigation  as  far  back  as  1925  [112].  In  a  series  of  recent 
studies  using  a  similar  system,  corrosion  by  1 1  chlorinated  alkanes  and  alkenes  was 
compared  in  terms  of  weight  loss  of  Al,  Zn,  and  Fe  [4,  6].  The  reaction  rate  was  found 
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to  be  greatest  for  saturated  and  per-halogenated  organic  oxidants,  with  most  systems 
exhibiting  accelerated  reaction  when  water  was  present  [5]. 

The  characteristic  reaction  of  iron  corrosion  (eq  1)  results  in  oxidative 
dissolution  of  the  metal  at  near  neutral  pH  [69].  In  the  absence  of  strongly  oxidizing 
trace  constituents,  there  are  two  reduction  half- reactions  that  can  be  coupled  with  eq  1 
to  produce  a  spontaneous  corrosion  reaction  in  water.  Dissolved  oxygen,  when  present, 
is  the  preferred  oxidant  (eq  4)  resulting  in  rapid  corrosion  according  to  eq  5. 

02  +  2H20  +  4e"  ->  40H-  (4) 

2Fe  +  02  +  2H20  2Fe2+  +  40H‘  (5) 

However,  water  alone  can  serve  as  the  oxidant  (eq  6)  and,  thus,  corrosion  occurs  under 
anaerobic  conditions  according  to  eq  7. 

2H20  +  2e'  — »  H2  +  20H*  (6) 

Fe  +  2H20  Fe2+  +  H2  +  20H'  (7) 

/ 

Both  reactions  (eqs  5  and  7)  result  in  increased  pH  in  weakly  buffered  systems, 
although  the  effect  is  more  pronounced  under  aerobic  conditions  because  they  yield 
much  more  rapid  corrosion.  The  pH  increase  favors  the  formation  of  iron  hydroxide 
precipitates  (Figure  4.1),  which  may  eventually  form  a  surface  layer  on  the  metal  that 
inhibits  its  further  dissolution. 

The  above  discussion  reveals  that  the  three  major  reductants  in  an  Fe-H20 
system  are  iron  metal  and  the  ferrous  iron  and  hydrogen  that  result  from  corrosion. 
These  reductants  suggest  three  general  pathways  that  may  be  available  to  contribute  to 
dehalogenation  of  alkyl  halides.  The  first  pathway  (Figure  4.2a),  involves  the  metal 
directly,  and  implies  that  reduction  occurs  by  electron  transfer  from  the  iron  surface  to 
the  adsorbed  alkyl  halide.  Thus,  eq  3  alone  would  describe  the  reaction  pathway. 

The  second  pathway  involves  the  Fe2+  that  is  an  immediate  product  of 
corrosion  by  water  (Figure  4.2b).  Fe2+  is  another  reductant  capable  of  causing 
dehalogenation  of  some  alkyl  halides,  although  these  reactions  are  generally  quite  slow 
[37,  70]. 


2Fe2+  +  RX  +  H+  ->  2Fe3+  +  RH  +  X" 


(8) 
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The  importance  of  this  process  will  probably  be  dictated  by  the  ligands  present  in  the 
system  because  speciation  of  ferrous  iron  significantly  affects  its  strength  as  a 
reductant.  Inner-sphere  complexation  of  Fe2+  to  metal  oxide  surfaces  can  also  create 
more  reducing  species  [132],  but  it  is  uncertain  whether  these  species  can  significantly 
influence  rates  of  dechlorination. 

A  third  model  for  reductive  dehalogenation  by  iron  involves  the  hydrogen 
produced  as  a  product  of  corrosion  with  water  (Figure  4.2c). 


H,  +  RX  ->  RH  +  H+  +  X- 


(9) 


In  the  absence  of  an  effective  catalyst,  H2  is  not  a  facile  reductant  and  this  reaction  will 
not  contribute  directly  to  dehalogenation.  In  fact,  excessive  H2  accumulation  at  the 
metal  surface  is  known  to  inhibit  the  continuation  of  corrosion  and  of  reduction 
reactions  in  organic  synthesis.  Rapid  dehalogenation  by  H2  is  still  possible,  however,  if 
an  effective  catalyst  is  available  [61].  The  surface  of  iron,  its  defects,  or  other  solid 
phases  present  in  the  system  could  provide  this  catalysis.  Determining  the  relative 
importance  of  these  three  dehalogenation  pathways  will  be  essential  to  predicting  field 
performance  of  iron-based  remediation  technologies. 
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Experimental 


Chemicals.  Chlorinated  solvents  were  obtained  in  high  purity  and  used  without 
further  purification.  These  included  carbon  tetrachloride,  HPLC  grade  (Aldrich); 
chloroform,  LC  grade,  preserved  with  1%  (v/v)  ethanol  (Burdick  &  Jackson); 
methylene  chloride,  99+%,  anhydrous  (Aldrich);  chloromethane,  99.5  +  %  (Aldrich); 
and  trichloroethylene,  99  +  %  (Aldrich).  Saturated  aqueous  stock  solutions  of  these 
halocarbons  were  prepared  by  allowing  roughly  1  mL  of  organic  phase  to  equilibrate 
with  40  mL  of  water  in  glass  vials  capped  with  Teflon  Mininert  valves.  Aqueous 
standard  solutions  were  made  by  diluting  the  saturated  stock  solutions  with  deionized 
water  (NANOpure,  18  MQ-cm). 

y  The  iron  used  in  most  experiments  was  an  electrolytically-produced  100-mesh 
powder  (Certified  Grade,  95%,  Fisher)  with  a  nominal  S  content  <0.02%.  Our  own 
elemental  analysis  of  the  material  measured  <  10  ppm  S,  1.3%  C,  and  0.3%  N 
(expressed  as  their  respective  oxides).  Prior  to  use,  fines  were  removed  by  sieving  with 
a  325-mesh  screen  (0.043  mm  opening  size).  After  acid  pretreatment,  the  iron  had  a 
specific  surface  area  ~  0.7  m2/g.  Other  samples  that  were  tested  include  “degreased” 
iron  filings  (Fisher  and  EM  Science)  and  iron  turnings  (>  99.9%,  Fluka). 

Buffers  were  reagent  grade  and  used  as  received  (Sigma).  These  included  2-(N- 
cyclohexylamino)ethanesulfonic  acid  (CHES);  N-(2-hydroxyethyl)piperazine-N’-(2- 
ethanesulfonic  acid)  (HEPES);  2-(N-morpholino)ethanesulfonic  acid  (MES);  3-(N- 
morpholino)propanesulfonic  acid  (MOPS);  tris(hydroxymethyl)aminomethane 
(Trizma).  Anaerobic  solutions  of  all  media  were  prepared  by  purging  for  roughly  1  hr 
with  zero-grade  N2  that  was  deoxygenated  by  passing  through  a  heated  column  of 
reduced  copper. 


Model  Reaction  Systems.  Dechlorination  experiments  were  performed  in 
closed  batch  systems  prepared  in  60-mL  serum  bottles.  In  most  cases,  each  bottle 
received  1  g  of  iron,  weighed  dry  to  the  nearest  mg.  Oxides  and  other  surface  coatings 
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were  removed  by  exposing  the  iron  sample  to  10  mL  of  10%  HC1  for  1  hr  and  then 
rinsing  three  times  with  deoxygenated  deionized  water  while  purging  the  open  bottle 
with  N2.  Serum  bottles  containing  acid-washed  iron  were  filled  completely  with 
deoxygenated  deionized  water  or  appropriate  buffer  solution  and  crimp-sealed  with 
Hycar  stoppers  (Pierce).  No  evidence  for  ferric  oxide  precipitation  was  found,  even  by 
optical  microscopy.  Loss  of  substrate  to  Hycar  septa  was  less  than  10%  for  carbon 
tetrachloride  after  2  days,  and  20%  for  chloroform,  10%  for  methylene  chloride,  and 
25%  for  trichloroethylene  after  17  days.  Each  bottle  was  allowed  to  equilibrate  for  8-12 
hr  on  a  rotary  shaker  at  15  rpm  (fixed  orbit  radius  of  15  cm)  in  a  dark,  15  °C  room 
before  addition  of  the  substrate.  A  temperature  of  15  °C  was  chosen  for  the 
dechlorination  experiments  to  reflect  common  groundwater  conditions. 

To  initiate  a  dechlorination  experiment,  2  mL  of  saturated  aqueous  halocarbon 
stock  solution  was  added  by  injection  through  the  septum.  A  second  needle  was  used  to 
allow  an  equal  volume  of  water  to  be  displaced,  so  each  dechlorination  experiment 
began  at  1  atm  pressure  with  no  headspace.  Typical  concentrations  were  100-200  pM 
for  carbon  tetrachloride,  100-200  pM  for  chloroform,  and  100-800  pM  for  methylene 
chldride.  Reaction  conditions  were  usually  the  same  as  those  for  the  equilibration  step 
described  above.  Loss  of  parent  compound  and  production  of  dechlorinated  product 
was  determined  by  periodically  removing  2  pL  samples  for  immediate  analysis  using 
methods  described  below. 


Analyses.  Two  chromatographic  methods  were  used  to  determine  the  aqueous 
concentration  of  chlorinated  solvents.  Initial  work  employed  purging  with  whole- 
column  cryotrapping  [106]  with  FID  detection.  However,  most  work  was  done  by  a 
modification  of  the  method  for  direct  aqueous  injection  on  capillary  columns  developed 
by  Grob  [56],  Two  microliter  samples,  taken  directly  from  the  reaction  bottles,  were 
injected  via  an  on-column  inlet  at  92  °C,  to  a  2.5-m  x  0.53-mm  ID  precolumn  attached 
to  a  30-m  x  0.53-mm  ID  DB  624  analytical  column  (J&W)  in  an  oven  heated  to  104°C. 
Satisfactory  results  were  obtained  with  detection  by  FID.  Peaks  were  identified  by 
comparison  with  the  retention  times  of  standard  compounds.  A  dedicated 
chromatograph  for  reducing  gases  was  used  to  determine  the  concentration  of  H2 
produced  by  anaerobic  corrosion  (Trace  Analytical). 

A  variety  of  techniques  were  used  to  characterize  the  iron  samples  used  in  this 
study.  Total  carbon,  nitrogen  and  sulfur  contents  of  the  metal  were  determined  using  a 
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dedicated  elemental  analyzer  by  complete  combustion  with  thermal  conductivity 
detection  (Carlo  Erba  NA-1500).  The  detection  limit  for  sulfur  (as  SO2)  with  this 
instrument  was  10  pg/mg  dry  weight  of  sample.  Iron  surface  area  was  determined  by 
gas  adsorption  (Micromeritics,  Gemini  2360)  on  samples  that  had  been  rinsed  with 
methanol  and  dried  under  N2  gas.  Scanning  electron  microscopy  was  performed  on  a 
Zeiss  960  Digital  SEM  with  elemental  analysis  by  X-ray  diffraction.  The  production  of 
dissolved  iron  was  quantified  with  the  ferrozine  method  [50]. 

Determinations  of  pH  before  and  after  each  experiment  were  made  in  open 
bottles  with  a  gel-filled  combination  electrode.  Measurements  during  an  experiment 
were  made  through  the  septum  with  an  1 8  gauge,  beveled  tip  combination  electrode 
(Microelectrodes,  Inc.).  Two-point  calibrations  were  performed  daily  at  pH  4.00  and 
7.00  using  commercial  buffers.  Eighteen-gauge  needle-form  combination  electrodes 
(Microelectrodes,  Inc.)  were  also  used  to  measure  redox  potential.  The  platinum 
element  was  conditioned  in  dilute  nitric  acid  and  the  electrode  performance  was  verified 
in  a  solution  of  iron  ammonium  sulfate  [82],  Electrode  potential  was  measured  in  the 
sealed  serum  bottles  and  is  reported  in  volts  versus  the  standard  hydrogen  electrode 
(SHE). 
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Results  and  Discussion 


Corrosion  in  Fe-H20  Model  Systems.  About  15%  of  the  iron  used  to  start 
each  experiment  was  lost  by  corrosion  during  the  acid  pretreatment  step.  Corrosion 
continued  after  rinsing  the  iron  and  reconstituting  the  system  at  circum-neutral  pH. 
However,  iron  dissolution  was  much  slower  under  these  conditions,  as  evidenced  by 
the  lack  of  measurable  decrease  in  iron  by  weight  and  the  production  of  <  400  pg/L 
Fe2+.  The  concentration  of  H2  increased  to  >400  mg/L  within  1  hr,  confirming  that 
anaerobic  corrosion  was  taking  place  by  reduction  of  water  (Eq  7).  The  pH  did  not 
increase  significantly,  suggesting  that  the  hydroxide  produced  by  water  reduction  was 
balanced  by  other  processes,  perhaps  formation  of  iron  hydroxides. 

y  Measured  Pt  electrode  potential  in  the  solution  decreased  rapidly  after  the 
system  was  sealed  and  mixed.  After  the  initial  rapid  decline,  the  potential  continued  to 
decrease  but  much  more  slowly.  This  decrease  continued  throughout  the  pre-incubation 
period  to  a  value  of  approximately  -300  mV  (vs.  SHE).  The  trend  reflects  a  gradual 
dissolution  of  iron  to  give  Fe2+  (Figure  4.1).  Ferrous  iron  has  a  large  exchange  current 
with  Pt  and  is  undoubtedly  the  dominant  electrode-active  species  in  this  system.  When 
carbon  tetrachloride  was  added  through  the  septum,  the  electrode  potential  increased 
sharply,  by  about  100  mV,  but  then  declined  rapidly  to  its  prior  value. 

The  8-12  hr  equilibration  period  between  set-up  and  initiation  of  dechlorination 
experiments  was  intended  to  ensure  that  our  model  systems  reflect  the  behavior  of  iron 
in  long-term  field  applications  and  not  initial  adjustments  in  conditions  like  the  rapid 
decrease  in  electrode  potential  described  above.  However,  dechlorination  rates  were 
generally  the  same  whether  the  substrate  addition  was  made  immediately  after  set  up, 
or  after  the  pre-incubation  period  of  approximately  8  hours. 


Halocarbon  Degradation  Pathways.  There  are  several  general  reaction  types 
available  for  cleaving  the  carbon-halogen  bonds  that  characterize  many  environmental 
contaminants.  These  include  nucleophilic  substitution  by  water  or  hydroxide 
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(hydrolysis)  or  by  sulfide  or  thiols;  ^-elimination  of  HX  (dehydrohalogenation);  gem- 
elimination  yielding  products  via  a  carbene  intermediate;  reductive  elimination  of 
adjacent  halogens  leaving  an  unsaturated  product  (vicinal  dehalogenation);  reduction  of 
a  single  C-X  bond  to  a  C-H  bond  (reductive  dehalogenation,  eq  2);  and  oxidation  to 
carbonyl  products  [78,  142,  144].  The  relative  rates  of  these  processes  will  vary  with 
substrate,  and  chemical  and  microbiological  conditions.  Halogenated  methanes  are  not 
subject  to  dehydrohalogenation  or  vicinal  dehalogenation,  and  hydrolysis  of  these 
compounds  is  very  slow  under  most  conditions  [68].  Carbon  tetrachloride  was  chosen 
as  the  primary  substrate  for  this  study,  in  part,  to  be  able  to  focus  on  reductive 
dehalogenation  in  the  presence  of  iron.  Many  previous  studies  have  used  carbon 
tetrachloride  as  a  model  system  with  which  to  study  the  reductive  dehalogenation  as  an 
environmental  pathway  [32,  72]. 

Carbon  tetrachloride  was  degraded  by  reductive  dehalogenation  to  chloroform  in 
all  laboratory  model  systems  containing  iron  metal.  Mass  balance  based  on  the 
appearance  of  chloroform  typically  accounted  for  about  70%  of  the  carbon  tetrachloride 
lost  (Figure  4.3a).  After  the  carbon  tetrachloride  concentration  had  decreased  to  the 
detection  limit,  methylene  chloride  was  observed  from  further  reductive  dehalogenation 
of  chloroform  (Figure  4.3b).  Mass  balance  for  appearance  of  methylene  chloride  from 
chloroform  was  typically  about  50%.  Methylene  chloride  disappearance  was  only 
apparent  after  several  months,  and  it  was  not  possible  to  unequivocally  demonstrate  that 
this  was  a  result  of  dechlorination.  No  formation  of  chloromethane,  methane,  or 
coupling  products  like  hexachloroethane  was  detected.  These  results  indicate  that  the 
dominant  degradative  pathway  for  chlorinated  methanes  in  anaerobic  Fe-H20  systems 
is  sequential  reductive  dehalogenation,  and  that  this  reaction  becomes  much  less 
favorable  with  each  successive  dechlorination  step.  A  few  similar  experiments  were 
performed  with  trichloroethylene  as  substrate.  Trichloroethylene  was  degraded,  but  the 
products  of  this  reaction  were  not  investigated. 


Kinetics  of  Transformation.  In  well-mixed  systems,  plots  of  the  natural 
logarithm  of  substrate  concentration  versus  time  for  carbon  tetrachloride  and 
chloroform  gave  straight  lines  from  their  initial  concentrations  to  their  respective 
minimum  detection  limits  (1-3  half-lives,  typical  r2  >  0.95  for  n  =  5-10).  From  this, 
it  was  concluded  that  the  kinetics  of  these  reactions  are  pseudo-first-order  in  substrate, 
and  that  the  various  possible  changes  in  the  system — due  to  the  simultaneous  corrosion 
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of  iron— do  not  significantly  effect  dechlorination  rates  over  the  duration  of  our 
experiments.  The  slope  of  lines  regressed  to  natural  logarithm  of  concentration  versus 
time  data  were  used  to  obtain  first-order  rate  constants,  kobs,  in  most  of  the  experiments 
reported  below.  However,  to  illustrate  the  entire  time-course  of  one  experiment,  the 
data  in  Figure  4.3  have  been  fit  by  nonlinear  regression  to  the  integrated  rate  laws  for 
sequential  first-order  reactions  [27] 


[CCU],  =[CCl4]maxe'1Clt 


(10) 


[CHCl,]t 


[CHC13] 


max 


—  (e‘k|t 


ll  _  ^"^2* 


(11) 


[CH2CI2]t:qCH2Cl2]lna!((l-e-k’t) 


(12) 


y 

where  ki  is  the  first-order  rate  constant  for  dechlorination  of  carbon  tetrachloride  to 
chloroform,  and  ko_  is  the  rate  constant  for  conversion  of  chloroform  to  methylene 
chloride.  The  results  of  these  calculations  are  presented  in  Table  4.1.  The 
disappearance  rate  constant  for  carbon  tetrachloride  corresponds  to  a  ty2  =  15  min, 
which  is  typical  of  unbuffered  experiments  run  at  15  rpm  using  1.00  g  of  acid-washed 
Fisher  electrolytic  iron.  Under  these  conditions,  chloroform  disappearance  occurs  with 
ty2  *  3  days  and  methylene  chloride  is  not  measurably  degraded.  Note  that  the 
concentration  of  chloroform  in  Figure  4.3  reflects  both  dehalogenation  from  carbon 
tetrachloride  to  chloroform,  and  subsequent  dechlorination  of  chloroform  to  methylene 
chloride.  The  differences  between  the  corresponding  parameters  in  Table  4. 1  are 
consistent  with  incomplete  mass  balances  at  each  dechlorination  step,  as  described 
above.  The  rate  of  trichloroethylene  disappearance  in  our  model  system  was  first-order 
in  substrate  concentration  with  a  ty2= 30-40  days  (data  not  shown). 


Pathway  of  Dechlorination  by  Iron.  As  illustrated  in  Figure  4.2,  the  presence 
of  iron  metal,  Fe2+,  and  H2  in  anaerobic  Fe-H20  systems  provides  three  possible 
reducing  agents  capable  of  affecting  dehalogenation.  A  variety  of  control  experiments 
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and  treatment  studies  were  performed  to  help  identify  which  of  these  reductants  is  the 
most  important  contributor  to  transformation  of  carbon  tetrachloride,  and  the  results  are 
summarized  in  Table  4.2.  Uncatalyzed  reduction  by  dissolved  H2  or  Fe2+  can  be 
excluded  on  the  basis  of  control  experiments:  neither  H2-saturated  water  nor  5-100 
mg/L  FeCl2  produced  measurable  dehalogenation  over  15  days  in  the  absence  of  the 
metal.  It  is  difficult  to  exclude  the  possibility  that  adsorbed  Fe2+,  or  nascent  hydrogen 
that  results  from  reduction  of  water  at  the  iron  surface,  may  be  participating  in  the 
dehalogenation  reaction.  Flowever,  amendment  of  Fe-H20  systems  with  additional 
Fe2+  or  H2  did  not  effect  the  rate  of  carbon  tetrachloride  dehalogenation  in  a 
significant  or  systematic  manner.  In  addition,  0.5  mM  EDTA,  which  should  form  a 
redox-inactive  complex  with  Fe2+  produced  by  corrosion  [26],  had  no  effect  on  the 
carbon  tetrachloride  dehalogenation  rate.  Taken  together,  the  data  in  Table  4.2  suggest 
that  reductive  dehalogenation  directly  coupled  with  oxidative  dissolution  of  the  metal 
(Figure  4.2a)  is  the  dominant  process  under  conditions  employed  in  this  study. 


y  Effect  of  pH.  Understanding  dehalogenation  by  iron  as  reduction  of  the 
halocarbon  coupled  with  oxidative  dissolution  of  the  metal  suggests  several  ways  in 
which  pH  may  influence  the  reaction  rate.  The  requirement  for  H+  participation  in  the 
overall  reaction  (eq  3),  suggests  the  possibility  that  protons  may  appear  in  one  or  more 
elementary  steps  that  influence  the  reaction  rate  directly.  In  addition,  strong  indirect 
effects  are  possible  due  to  increased  aqueous  corrosion  at  low  pH  or  iron  hydroxide 
precipitation  at  high  pH.  Our  early  experiments  showed  that  unbuffered  systems 
consistently  gave  pH  values  of  7.5  to  8.0  and  that  changes  during  the  course  of  carbon 
tetrachloride  dehalogenation  experiments  were  small:  pH  typically  decreased  by  less 
than  one  unit.  Since  this  modest  variability  in  pH  did  not  appear  to  be  effecting 
dehalogenation  rates,  most  experiments  were  done  without  added  buffer. 

To  determine  the  carbon  tetrachloride  dehalogenation  rate  over  a  wide  range  of 
pH,  a  series  of  buffered  systems  was  needed.  Good’s  buffers  were  used  because  they 
interact  weakly  with  most  metals  in  solution  [54],  and  preliminary  tests  gave  no  visual 
evidence  for  precipitation  with  iron  over  the  duration  of  a  typical  experiment.  Five  of 
these  buffers,  with  overlapping  pH  ranges,  were  used  to  obtain  data  from  pH  5.5  to 
10.0  (Table  4.3).  The  values  of  kobs  decreased  with  increased  pH  and  the  trend  showed 
no  inconsistencies  attributable  to  individual  buffers  (Figure  4.4).  In  addition, 
unbuffered  systems  gave  dehalogenation  rates  consistent  with  buffered  systems  at 
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similar  pH  values.  The  effect  of  pH  on  kobs  is  apparently  linear;  giving  a  least-squares 
regression  line  of 


k0 bs  =  -0.018(±0.001)  pH  +  0.20(±0.01)  (13) 

with  r2  =  0.92  for  n  =  16.  The  slope  of  this  line  has  been  useful  for  estimating  the 
potential  significance  of  pH  variability  on  observed  dehalogenation  rates.  A  plot  of  log 
kobs  vs.  log  [H+]  also  gives  a  linear  relationship  (r2  =  0.91,  n  =  15,  figure  not  shown) 
but,  in  this  case,  the  slope  is  the  empirical  order  of  reaction  with  respect  to 
concentration  of  H+.  Fitting  the  data  gives  a  reaction  order  of  0.14+0. 10.  This  low 
value  indicates  that  H+  is  not  involved  in  a  single  rate-determining  step  in  the 
dehalogenation  mechanism.  It  is,  however,  consistent  with  the  indirect  effects  proposed 
above,  or  with  a  mixture  of  concurrent  effects. 


Role  of  Iron  Surface  Characteristics.  The  direct  role  of  iron  as  a  reactant  in 
eq  i  implies  the  involvement  of  reactive  sites  on  the  metal,  and,  therefore,  that  the 
condition  and  quantity  of  metal  surface  in  a  reaction  system  should  strongly  influence 
the  rate  of  dehalogenation.  Early  experiments  showed  that  preceding  each  experiment 
by  rinsing  the  metal  in  dilute  aqueous  HC1  produced  faster  dechlorination,  and  that  this 
pretreatment  was  necessary  to  obtain  any  appreciable  reaction  at  all  for  some  iron 
samples.  Treating  the  iron  in  this  way  presumably  provides  a  well  defined  and 
reproducible  surface  [6,  152],  so  it  was  applied  to  most  experiments  as  a  standard 
procedure. 

The  most  likely  explanation  for  the  effect  of  acid  washing  is  that  it  dissolves  the 
surface  layer  on  the  iron  grains,  leaving  clean  reduced  metal  that  is  relatively  free  of 
unreactive  oxide  or  organic  coatings.  Increased  iron  surface  area  due  to  corrosion  pits 
may  also  contribute  to  the  greater  reactivity  of  halocarbons  with  acid-washed  iron. 
However,  scanning  electron  microscopy  of  the  iron  grains,  before  and  after  treatment 
with  acid,  showed  little  increase  in  the  density  of  corrosion  pits.  Similarly,  the 
enhanced  dechlorination  of  acid-washed  iron  can  not  be  attributed  to  the  effect  of  pH 
on  the  dehalogenation  rate,  because  pH  measurements  gave  no  evidence  for  residual 
acidity  due  to  the  acid  wash  procedure. 

Besides  pretreatment  of  iron  with  acid,  the  most  significant  experimental 
variable  influencing  kobs  for  dehalogenation  was  the  amount  of  iron  available  to  react 
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with  the  organic  substrate.  Figure  4.5  illustrates  this  relationship  in  terms  of  two 
parameters:  grams  of  iron  per  liter  of  reaction  volume,  which  is  operationally  the  most 
convenient,  and  m2  of  surface  area  per  liter,  which  should  incorporate  most  of  the 
effects  of  grain  size  and  shape.  The  relationship  appears  to  be  linear  and  regression  of 
k0ks  (min'1)  versus  surface  area  concentration  (m2/L)  gives 

^obs  =  0. 0025(±0. 0002)  [Fe  Surface  Area]  +  0.017(±0.005)  (14) 

with  r2  =  0.96  for  n  =  8.  The  concentration  of  iron  surface  area  was  calculated  from 
an  average  specific  surface  area  for  the  iron  used  in  this  experiment  (0.7  m2/g)  and  the 
mass  of  iron  remaining  after  dechlorination.  The  robustness  of  eq  14  is  evidenced  by 
how  well  it  correlates  the  results  of  a  subsequent  experiment  in  which  both  mass  of  iron 
and  total  reaction  volume  were  varied  (Table  4.4,  Figure  4.5).  However,  the  broader 
utility  of  eq  14  will  be  limited  by  the  uncertain  relationship  between  surface  area 
determined  by  gas  adsorption  on  dry  samples  and  the  concentration  of  accessible  and 
reactive  sites  on  a  hydrated  metal  surface  [126,  140].  In  principle,  dye  adsorption  from 
aqiifeous  solution  is  an  alternative  method  for  determining  surface  area  that  should  offer 
substantial  advantages  for  use  in  our  systems.  Unfortunately,  preliminary  results  with 
this  method  appeared  to  be  unreliable,  and  no  other  promising  alternative  to  the  BET 
method  has  been  identified. 


Kinetics  of  Surface  Reaction.  Since  dehalogenation  apparently  occurs  at  the 
Fe/H20  interface,  transport  as  well  as  reaction  steps  must  be  involved.  A  general 
model  for  surface  reactions  consists  of  five  steps  [126,  130,  132]:  (i)  mass  transport  of 
the  reactant  to  the  iron  surface  from  the  bulk  solution;  (ii)  adsorption  of  the  reactant  to 
the  surface;  (iii)  chemical  reaction  at  the  surface;  (iv)  desorption  of  the  product(s);  and 
(v)  mass  transport  of  the  product(s)  to  the  bulk  solution.  Any  one  or  a  combination  of 
these  steps  may  be  rate  limiting  and,  therefore,  determine  the  values  of  kobs  obtained  in 
this  study.  To  properly  interpret  trends  in  reaction  rate,  it  is  especially  important  to 
distinguish  between  transport-  and  reaction-limited  kinetics. 

A  common  criterion  for  detecting  mass  transport  limited  kinetics  is  variation  in 
reaction  rate  with  intensity  of  mixing.  Rates  that  are  controlled  by  a  chemical  reaction 
step  should  not  be  affected,  whereas  aggressive  mixing  usually  accelerates  diffusion- 
controlled  rates  by  reducing  the  thickness  of  the  diffusion  layer  at  particle  surfaces 
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[126].  Batch  experiments  in  this  study  were  mixed  by  360°  rotation  around  a  fixed- 
length  axis,  so  the  practical  measure  of  mixing  intensity  is  rpm.  Figure  4.6  shows  that 
kobs  for  carbon  tetrachloride  reduction  increased  with  rotation  rate  up  to  about  50  rpm. 
This  trend  suggests  that  mass  transport  is  an  important  contributor  to  the  kinetics  of 
dechlorination  under  the  conditions  employed  in  this  study.  Limitations  in  the  method 
of  mixing  did  not  allow  a  condition  to  be  reached  where  mass  transport  was 
unimportant  and  kobs  was  constant.  Due  to  the  uncertain  form  of  the  relationship 
between  kobs  and  rpm,  regression  has  not  been  performed  on  the  data.  However,  the 
trend  in  Figure  4.6  shows  the  importance  of  mixing  as  an  experimental  variable  in 
batch  studies  of  dehalogenation  by  iron. 

Additional  support  for  the  importance  of  mass  transport  to  the  kinetics  of 
dehalogenation  in  our  systems  comes  from  the  effect  of  temperature  on  kobs.  Reaction 
rates  that  are  limited  by  diffusion  typically  have  low  activation  energies  and,  therefore, 
a  weak  dependence,  on  temperature  relative  to  rates  that  are  limited  by  a  chemical 
reaction  step  [126].  Our  data  (not  shown)  indicate  that  kobs  is  unaffected  by  temperature 
over  the  range  from  4  to  35  °C,  and  fitting  the  data  to  the  Arrhenius  equation  gives  a 
slope  that  is  not  significantly  different  from  zero.  The  practical  implication  of  this 
result  is  that  temperature  control  was  not  considered  to  be  an  important  experimental 
variable,  even  though  we  performed  most  experiments  at  a  typical  groundwater 
temperature  of  15  °C. 


Mechanism  of  Dehalogenation.  A  thorough  mechanistic  study  on  the 
dehalogenation  of  alkyl  halides  in  dilute  aqueous  solution  by  the  presence  of  iron  or 
other  reducing  metals  does  not  appear  to  have  been  reported.  However,  a  mechanistic 
context  for  our  observations  can  be  proposed  based  on  the  results  of  previous  work 
done  on  a  variety  of  related  systems. 

Numerous  studies  have  shown  that  dissociative  adsorption  of  H2O  takes  place  at 
clean  iron  surfaces,  resulting  in  surface-bound  hydroxyl,  atomic  oxygen,  and  atomic 
hydrogen  [14,  63,  136],  The  latter  species— sometimes  called  “nascent”  hydrogen— can 
combine  with  itself,  accounting  for  the  formation  of  H2,  or  react  with  other  compounds 
in  the  system,  resulting  in  their  hydrogenation.  Adsorbed  atomic  hydrogen  is  the 
species  that  is  directly  responsible  for  many  important  catalytic  hydrogenation  reactions 
[62],  and  it  has  been  invoked  as  an  intermediate  in  the  mechanism  of  dissolving  metal 
reductions  [21,  61].  However,  dissolving  metal  reductions  may  also  occur  by  direct 
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electron  transfer  between  the  metal  and  the  absorbed  organic  substrate.  A  debate  over 
the  relative  importance  of  these  two  mechanisms  has  gone  on  for  many  years,  but  the 
electron  transfer  model  is  generally  preferred  to  explain  reductions  at  the  surface  of 
metals  with  highly  cathodic  overpotentials  (e.g.,  Fe  or  Zn  as  opposed  to  Pt  or  Pd)  [21, 
61,  136]. 

The  direct  reduction  mechanism  requires  adsorption  of  the  organic  substrate  on 
the  metal  surface  and  electron  transfer.  Most  studies  of  electron  transfer  to  alkyl  halides 
suggest  that  this  is  a  concerted,  dissociative  process  that  results  in  the  formation  of  a 
carbon-centered  radical,  R*  [39,  64,  147], 

RX  +  e"  — »  R*  +  X-  (15) 

Presumably,  the  electron  is  transferred  into  the  lowest  unoccupied  (o*  antibonding) 
orbital  of  the  substrate  molecule  [28,  147],  Although  the  first  electron  transfer  is  rate 
limiting  in  many  organic  reduction  reactions,  this  does  not  appear  to  have  been  the  case 
under  the  conditions  of  this  study.  The  initial  step  in  corrosion  of  aluminum  by  neat 
chlorinated  solvents  is  also  represented  by  eq  15,  but  it  has  been  described  in  different 
terms:  as  charge  transfer  from  the  metal  to  the  halogen  of  the  adsorbed  substrate,  with 
associated  homolytic  cleavage  of  the  halogen-carbon  bond  [4,  5,  6].  Adsorption  of 
halocarbons  from  the  gas  phase  onto  iron  surfaces  is  also  known  to  occur  by  a 
dissociative  mechanism,  resulting  in  dechlorinated  radicals  as  intermediate  products 
[57,  124], 

Once  formed,  the  radical  may  react  to  give  final  products  in  a  variety  of  ways. 
In  the  absence  of  a  good  proton  donor,  dimerization  of  the  radical  can  be  important, 
especially  where  the  halocarbon  is  abundant  because  it  is  also  the  primary  solvent  [6, 
129].  Dimerization  is  not  favored  in  dilute  aqueous  systems,  which  is  consistent  with 
the  lack  of  hexachloroethane  formation  from  carbon  tetrachloride  reduction  in  this 
study.  Instead,  the  radical  undergoes  a  second  electron  transfer  and  protonation,  which 
results  in  the  reductive  dehalogenation  products  that  we  observed  to  be  predominant. 

R*  +  H+  +  e‘  — »  RH 


(16) 


Although  the  rate  of  this  step  may  strongly  influence  the  observed  distribution  of 
reduction  products,  the  reaction  represented  by  eq  16  has  received  less  investigation 
than  the  radical  formation  step  (eq  15).  As  a  result,  fewer  generalizations  can  be  made 
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about  the  expected  effects  of  conditions  on  its  rate  and  mechanism.  For  example, 
proton  availability  will  certainly  effect  eq  16,  but  there  is  considerable  uncertainty  over 
the  relationship  between  proton  availability  at  the  metal  surface  and  bulk  pH  [28].  Such 
distinctions  may  prove  to  be  important  in  describing  the  effectiveness  of  iron  at 
dehalogenating  contaminants  under  environmental  conditions. 

By  analogy  to  the  mechanism  of  aqueous  corrosion  of  iron  [14],  the  half¬ 
reaction  that  accompanies  the  first  electron  transfer  to  a  halocarbon  (eq  15)  is 
presumably  oxidation  of  surface  Fe  to  Fe1  +  .  Subsequent  electron  transfers  provide  for 
formation  and  dissolution  of  Fe2+.  However,  corrosion  is  often  formulated  as  an 
electrolytic  phenomenon,  where  the  reduction  half-reaction  occurs  at  a  cathodic  site, 
oxidation  at  an  anodic  site,  and  the  two  are  balanced  by  conduction  through  the  metal 
and  the  electrolyte  [69].  In  highly  conductive  media,  macroscopic  separation  of  these 
sites  is  well  known,  but  an  electrolytic  corrosion  mechanism  in  nonionic  solvent 
systems  can  only  occur  if  site  separation  is  very  small,  on  the  order  of  angstroms,  as 
was  proposed  in  an  early  study  on  aluminum  corrosion  by  boiling  carbon  tetrachloride 
[23].  Others  have  argued  that  aluminum  corrosion  in  1,1,1-trichloroethane  is  not 
electrolytic  [4]  but  that  the  oxidation  and  reduction  half-reactions  occur  at  the  same 
site:  i.e.,  without  separation  of  anode  and  cathode.  It  is  generally  assumed  that 
dissolving  metal  reductions,  even  in  aqueous  systems,  occur  without  separation  of 
anodic  and  cathodic  sites  [61].  This  distinction  could  have  practical  significance  in  the 
context  of  this  study,  if  site  separation  leads  to  extensive  pitting  of  the  metal.  However, 
inspection  of  iron  surfaces  by  scanning  electron  microscopy  after  one  of  the 
dechlorination  experiments  showed  very  little  pitting,  and  therefore  suggests 
predominantly  uniform  corrosion. 
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Conclusion 


Carbon  tetrachloride  and  chloroform  undergo  rapid  reductive  dehalogenation  in 
the  presence  of  fine-grained  iron  metal.  With  each  successive  dehalogenation,  the 
reaction  proceeds  more  slowly,  and  methylene  chloride  is  not  significantly  degraded 
over  the  time  scales  of  our  experiments.  Relative  product  distributions  vary  with 
conditions,  however,  so  it  is  possible  that  circumstances  may  exist  that  allow  significant 
degradation  of  methylene  chloride  will  occur.  Degradation  of  trichloroethylene  was 
also  observed,  but- the  mechanism  of  this  reaction  was  not  investigated. 

In  the  closed  model  systems,  the  overall  chemistry  of  the  system  is  dominated 
by  anaerobic  corrosion;  i.e.  oxidative  dissolution  of  Fe  to  Fe2+.  The  chloromethanes 
apparently  substitute  for  water  in  this  reaction,  providing  an  alternative  oxidant  for  the 
iron  metal,  and  a  mechanism  has  been  proposed  involving  direct  electron  transfer  to  the 
adsorbed  halocarbon.  Dehalogenation  of  carbon  tetrachloride  was  faster  at  more  acidic 
pH,  but  this  effect  was  modest.  Additional  effects  are  possible  under  other  conditions. 
For  example,  aerobic  systems  may  behave  differently  due  to  more  aggressive  corrosion 
and  the  precipitation  of  ferric  hydroxides;  sulfide,  where  it  occurs  in  groundwater,  will 
significantly  influence  the  redox  chemistry  of  iron  and  probably  also  the  fate  of 
chlorinated  contaminants;  and  bacteria  could  be  important  due  to  microbial 
dehalogenation,  biocorrosion,  Fe2+  oxidation,  or  Fe3+  reduction. 

Under  the  conditions  of  our  experiments,  mass  transport  of  substrate  to  the  iron 
surface  appeared  to  be  an  important  determinant  of  dechlorination  rate,  so  it  was 
important  to  control  mixing  as  an  experimental  parameter.  The  most  important 
predictor  of  dechlorination  rate  was  the  iron  surface  area  concentration.  Even  during 
environmental  application  it  is  likely  that  access  to,  condition  and  concentration  of  the 
iron  surface  are  the  dominant  factors  controlling  remediation  performance. 
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Table  4.1  Kinetics  of  Carbon  Tetrachloride  Disappearance.3 


RX 

[RXWx  (PM) 

k\  (min*1) 

£2  (min'1) 

CC14  (Eq  10) 

151+5 

0.045  ±0.003 

CHCI3  (Eq  1 1) 

107  ±  1 

0.032±0.005 

1.41  ±0.03  x  10'4 

CH2C12  (Eq  12) 

53  ±18 

1.6±0.9  x  10'4 

3  Experiment  performed  at  15  °C  and  15  rpm  using  1.00  g  iron.  Uncertainties  are  one 


sd  in  the  fitted  parameter  from  nonlinear  regression. 
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Table  4.2  Effects  of  Treatments  on  the  Rate  of  Reductive  Dehalogenation  for  Carbon 
Tetrachloride.3 


Fe  (g) 

FeCl2  (mg/L) 

H2  (psi) 

EDTA  (mM) 

fcobs  (min'1)b 

1.00 

0 

0.062 

1.00 

10 

0 

0.083 

1.00 

5 

0 

0.037 

1.00 

50 

0 

0.049 

y 

1.00 

100 

0 

0.024 

1.00 

100 

0.5 

0.030 

1.00 

0.5 

0.061 

0 

10 

0 

NDC 

0 

100 

0 

NDC 

0 

100 

0.5 

NDC 

a  Conditions:  unbuffered  pH  «  7,  15  °C,  15  rpm,  100-mesh  sieved  Fisher  electrolytic  iron. 
b  Uncertainties  from  the  regression  lines  are  <0.008  min-1  (±1  sd)  for  all  cases. 
c  No  detectable  loss. 
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Table  4.3  Kinetics  of  Carbon  Tetrachloride  Disappearance  in  Buffered  Systems.3 


Fe  (g) 

pH 

Buffer  type 

*obs  (miirl)  c 

1.00 

6.5b 

MOPS 

0.083 

1.00 

7.4 

MOPS 

0.067 

1.00 

8.2 

MOPS 

0.041 

0 

7.4 

MOPS 

0 

1.00 

6.4b 

HEPES 

0.080 

1.00 

7.5 

HEPES 

0.060 

1.00 

8.2 

HEPES 

0.047 

0 

7.5 

HEPES 

0 

1,00 

5.5b 

MES 

0.100 

1.00 

6.0b 

MES 

0.088 

1.00 

6.6b 

MES 

0.083 

0 

6.0 

MES 

0 

1.00 

8.6 

CHES 

0.037 

1.00 

9.0 

CHES 

0.036 

0 

9.5 

CHES 

0.037 

1.00 

10.0 

CHES 

0.026 

0 

9.0 

CHES 

0 

1.00 

7.2 

TRIZMA 

0.077 

1.00 

8.0 

TRIZMA 

0.053 

1.00 

9.0 

TRIZMA 

0.018 

0 

8.9 

TRIZMA 

0 

3  Conditions:  15  °C,  15  rpm,  100-mesh  sieved  Fisher  electrolytic  iron,  50  mM  buffer. 
b  pH  decreased  due  to  rapid  corrosion  despite  buffer. 
c  Uncertainties  are  <0.01  based  on  slope  the  regression  line. 
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Table  4.4  Effects  of  Iron  Loading  on  the  Rate  of  Reductive  Dehalogenation  for  Carbon 
Tetrachloride.3 


Fe  before  (g) 

Fe  after  (g)b 

Volume  (L) 

Surface  Area 

(m2/L)c 

*obs  (min1)*1 

0.50 

0.404 

0.06 

4.71 

0.027 

1.00 

0.870 

0.06 

10.15 

0.047 

1.00 

0.820 

0.06 

9.57 

0.039e 

1.00 

0.814 

0.11 

5.18 

0.029e 

1.00 

0.831 

0.16 

3.64 

0.010e 

1.50 

1.286 

0.06 

15.00 

0.053 

2<00 

1.748 

0.06 

20.39 

0.061 

2.00 

1.710 

0.06 

19.95 

0.067e 

2.00 

1.641 

0.11 

10.44 

0.041e 

2.00 

1.695 

0.16 

7.42 

0.037e 

2.50 

2.196 

0.06 

25.62 

0.085 

2.50 

2.196 

0.06 

25.62 

0.085 

3.00 

2.647 

0.06 

30.88 

0.088 

3.00 

2.647 

0.06 

30.88 

0.099 

a  Conditions:  unbuffered  pH  =  7,  15  °C,  15  rpm,  100-mesh  sieved  Fisher  electrolytic 
iron. 

b  Weight  at  end  of  dechlorination  experiment. 
c  Calculated  for  a  specific  surface  area  =  0.7  m2/g. 

d  Standard  deviations  of  the  slope  of  first-order  regression  lines  are  <0.007  min-1. 
e  Data  not  included  in  the  regression  line  (eq  14). 


Figure  4.1  Pourbaix  diagram  for  the  Fe-H20  system  under  conditions  typical  of 
this  study:  Fej=  0.076  mM,  {Cl‘}=  0.001,  and  15  °C.  Lines  for  halomethane 
redox  couples  are  based  on  potentials  in  [141]. 


Figure  4.2  Scheme  showing  proposed  pathways  for  reductive  dehalogenation  in 
anoxic  Fe-H20  systems:  A)  direct  electron  transfer  from  iron  at  the  metal 
surface;  B)  reduction  by  Fe2+,  which  results  from  corrosion  of  the  metal;  C) 
catalyzed  hydrogenoiysis  by  the  H2  that  is  formed  by  reduction  of  H20  during 
anaerobic  corrosion.  Stoichiometries  are  not  shown. 
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Figure  4.3  Disappearance  of  a)  carbon  tetrachloride  with  the  appearance  of 
chloroform,  and  b)  subsequent  disappearance  of  chloroform  with  appearance  of 
methylene  chloride.  System:  1  g  of  iron,  unbuffered  pH  8.0,  and  15  °C. 


Figure  4.4  The  effect  of  pH  on  the  pseudo-first-order  rate  constant  for  carbon 
tetrachloride  dehalogenation  by  iron.  Good’s  buffers  were  used.  Each  bottle 
contained  1  gram  Fisher  iron  powder,  was  mixed  at  15  rpm  and  incubated  at  15 
°C.  Regression  line  corresponds  to  eq  13. 
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Figure  4.5  The  effect  of  surface  area  on  pseudo-first-order  rate  constants  for 
carbon  tetrachloride  dehalogenation.  Iron  loadings  varied,  as  shown  in  Table 
4.4.  The  systems  were  unbuffered  mixed  at  15  rpm  and  incubated  at  15  °C. 
Regression  line  corresponds  to  eq  14.  Solid  circles  are  the  fitted  data,  open 
circles  are  data  collected  in  a  subsequent  experiment  to  validate  the  results  with 
respect  to  variation  in  reaction  volume. 
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Dehalogenation  by  Iron  Metal  in  the  Environment 
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Abstract 


Core  samples  from  an  in-ground,  permeable,  Fe  barrier  were  obtained  one  and 
two  years  after  its  construction,  and  were  studied  for  microbiological  and  geochemical 
developments  that  might  affect  remediation  performance.  Analysis  of  the  metal  surfaces 
by  scanning  electron  microscopy  showed  that  the  morphology  of  the  iron  grains  had  not 
changed  significantly  from  the  morphology  of  the  original  iron  material  used. 

Elemental  analysis  by  X-ray  diffraction  of  the  iron  grains  did  not  reveal  the  presence  of 
any  elements  other  than  iron  and  small  amounts  of  silica.  No  sulfur  compounds  were 
detected  by  this  technique,  or  by  CNS  analysis.  The  cores  were  tested  for  the  presence 
of  selected  microbial  populations,  of  which  only  low  numbers  of  sulfate-reducing 
bacjeria  were  observed  in  both  one  and  two  year  cores.  No  other  obvious  microbial 
activity  such  as  colonization,  biopolymer  or  slime  production  was  observed  in  either  set 
of  cores.  Microbial  enrichments  for  dehalogenating  activity  were  negative.  In  general, 
the  core  samples  had  lower  microbially  activity  than  was  originally  suspected.  This  lack 
of  microbial  activity  may  be  due  to  the  low  concentration  of  dissolved  organic  matter  at 
the  site.  The  ferrous  iron  and  hydrogen  produced  from  the  corroding  iron,  in  addition 
to  sulfate  present  at  the  site,  may  create  favorable  conditions  down  gradient  from  the 
Fe  zone  for  microorganisms  that  utilized  these  compounds  as  electron  donors  and 
acceptors. 
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Introduction 


Background.  Iron  metal,  Fe,  can  rapidly  dehalogenate  a  variety  of  organic 
substances  that  are  important  environmental  contaminants  (Chapter  4).  Laboratory 
experiments  and  several  field  demonstrations  have  shown  that  this  process  may  be  used 
effectively  for  remediating  contaminated  groundwaters.  The  previous  chapter  described 
laboratory  batch  experiments  that  were  carried  out  to  gain  a  better  understanding  of  the 
mechanism  and  kinetics  of  dechlorination  by  Fe.  However,  field  conditions  may  differ 
from  those  of  simple  laboratory  systems  in  several  important  ways  and  geomicrobial 
effects  are  expected  to  have  an  influence  on  the  in  situ  reduction  of  pollutants  by  iron. 
The  geomicrobial  conditions  encountered  in  the  field  that  might  affect  dechlorination  by 
iroh  include  natural  substances  in  groundwater  (e.g.  HS"),  microorganisms, 
cocontaminants  and  mixed-waste  systems,  and  impurities  introduced  with  the  iron  (such 
as  cutting  oils  and  greases). 

The  herein  reported  studies  focused  on  microbial  and  geochemical  effects  of  Fe, 
buried  in  the  natural  environment,  at  a  site  that  had  been  in  operation  for  approximately 
one  year.  This  site  was  located  at  a  Canadian  Air  Force  Base  in  Borden,  Ontario,  and  is 
described  in  detail  by  S.  O'Hannesin  [101].  The  site  had  previously  been  used  for  a 
study  of  the  transport  of  chlorinated  organics  in  a  shallow,  sandy  aquifer  [1 13,  1 14]. 
These  experiments  left  a  well-defined,  artificially-generated  chlorinated  solvent  plume 
in  a  shallow  sandy  aquifer  with  a  natural  groundwater  velocity  of  ~8  cm/day.  This 
situation  was  deemed  ideal  for  the  demonstration  of  the  use  of  Fe  to  remediate  a  plume 
of  contaminated  groundwater  [51,  101,  102].  The  iron  zone  was  installed  in  the  flow 
path  of  the  contaminant  plume  using  steel  sheet  pilings  that  were  driven  into  the 
ground,  interlocked  and  sealed  [127],  This  created  a  water-tight  cell  with  the 
dimensions  of  5.5  x  1.6  x  10  m  (1  x  w  x  h).  The  cell  was  excavated  and  filled  with  a 
mixture  of  22%  iron  filings,  obtained  as  a  waste  product  from  a  malleable  iron  foundry 
(Kanmet  Castings,  Cambridge,  Ontario),  and  72%  concrete  sand.  The  sheet  pilings 
were  then  removed  to  create  a  permeable  barrier  that  was  entirely  within  the  saturated 
zone  of  the  aquifer.  The  buried  iron  zone  caused  dechlorination  of  the  halogenated 
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compounds  contained  in  the  contaminant  plume  [101].  During  470  days  of  study, 
trichloroethylene  concentrations  within  the  contaminant  plume  decreased  from  253 
mg/L  to  12  mg/L  after  passage  through  the  Fe  zone.  Only  dichloroethene  isomers  and 
chlorine  were  observed  as  products.  A  plume  of  dissolved  iron,  1-10  mg/L,  was 
generated  by  the  dissolution  of  the  Fe.  Sulfate  (72  kg)  was  added  as  a  conservative 
tracer  in  the  original  transport  study  [113,  114]  thus  it  was  present  at  very  high 
concentrations,  averaging  100  mg/L  during  the  in  situ  study. 


Iron  corrosion  chemistry.  The  general  definition  of  corrosion  is  degradation, 
or  deterioration,  of  materials  brought  about  through  contact  with  their  surroundings. 
This  definition  applies  not  only  to  metals,  but  to  plastics,  concrete,  wood,  brick,  and 
other  non-metallic  materials  [65,  128].  Corrosion  occurs  at  the  interface  between  a 
solid  and  a  fluid,  which  can  be  liquid  or  gas  or  both  [49].  When  Fe  comes  in  contact 
with  aqueous  solutions  it  begins  to  dissolve.  The  dissolution  of  Fe  is  one  of  several 
reactions  combined  in  the  term  corrosion.  A  great  deal  of  research  has  been  done  on 
theanechanisms  of  metal  corrosion  due  to  the  deleterious  effects  caused  by  this  process 
to  man-made  structures  [69].  Drazic  [38]  provides  a  synthesis  of  currently  accepted 
ideas  about  the  mechanisms  and  kinetics  of  Fe  corrosion.  In  general,  the  oxidation  of 
iron  metal  leads  to  the  dissolution  of  the  ferrous  species  Fe2+,  and  in  some 
environments  the  formation  of  Fe(OH)2.  The  ferrous  iron  species  that  are  produced  will 


be  rapidly  converted  to  the  ferric  form  in  oxidizing  environments: 

Fe2+  -»  Fe3+  +  e-  (1) 

Fe3+  +  3H20  ->  Fe(OH)3  +  3H+  (2) 

2Fe(OH)2  +  H20  +  V202  ->  2Fe(OH)3  +  OH'  (3) 

Fe(OH)2  +  H20  +  1V202  ->  FeoOy  H20  +  20H-  (4) 


The  ferric  oxide  and  hydroxide  solids  formed  in  equations  3-4  are  red-brown  in  color 
and  these  forms  are  part  of  the  familiar  coating  observed  on  corroding  Fe,  called 
"rust."  The  insoluble  ferric  hydroxides  and  oxides  precipitate  on  the  surface  of  the 
corroding  iron  and  inhibit  further  corrosion  when  the  surface  becomes  fully  coated.  The 
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term  "passivation"  is  used  in  corroding  metal  systems  to  describe  this  inhibition  of 
corrosion  [109]. 

Another  product  of  the  corrosion  of  iron  in  neutral  to  acid  environments  is  the 
production  of  hydrogen  gas  from  the  reduction  of  water 

Fe  +  2H20  -»  Fe2+  +  20H*  +  H2.  (5) 

The  mechanism  of  hydrogen  formation  has  been  studied  extensively  [13,  15-17,  90]. 
Hydrogen  can  also  coat  the  surface  of  the  iron  metal  and  cause  passivation.  Figure  5. 1 
is  a  schematic  illustrating  the  processes  occurring  at  the  iron  surface  during  the 
dissolution  process. 


Microbial  involvement  in  iron  corrosion.  The  products  of  corrosion,  ferrous 
and  ferric  iron  species  and  hydrogen,  can  be  used  as  electron  donors  and  acceptors  by  a 
variety  microbial  species.  Microorganisms  can  also  thrive  in  the  presence  of  corroding 
iron,  utilizing  the  hydrogen  produced  for  the  reduction  of  sulfate  to  sulfide  [34].  The 
presence  of  both  sulfate  and  Fe  at  the  Borden  site  may  provide  a  favorable  environment 
for  these  types  of  microorganisms.  Microbial  activity  contributes  significantly  to 
corrosion  of  Fe  structures  located  in  anaerobic  environments  such  as  flooded  soils, 
marshes,  bays,  lakes,  and  oceans.  The  microbial  corrosion  of  buried  pipelines  has  been 
estimated  to  cause  trillions  of  dollars  of  damage  annually  (Iverson,  1974).  Because  of 
the  importance  of  microbes  in  the  corrosion  of  man-made  structures,  microbial 
corrosion  reactions  have  been  the  subject  of  study  for  many  years  [65  ,  66]. 

Biocorrosion  is  not  a  unique  process,  but  is  the  net  result  of  many  different  effects  of 
microbial  activity  leading  to  conditions  that  cause  corrosion  to  occur. 

In  1934,  von  Wolzogen  Kiihr  and  van  der  Vlugt  [143]  demonstrated  that 
corrosion  of  Fe  in  an  anaerobic  environment  could  be  the  result  of  the  activity  of 
sulfate-reducing  bacteria.  From  this  work  came  the  controversial  theory  of  "cathodic 
depolarization"  in  which  sulfate-reducing  bacteria  utilize  the  hydrogen  produced  by  Fe 
corrosion  for  reducing  equivalents,  driving  the  corrosion  reaction  shown  in  eq  5  to  the 
right.  More  recently,  this  theory  was  dismissed  by  several  researchers  [31,  65]  in  favor 
of  a  mechanism  emphasizing  the  corrosive  action  of  compounds  produced  by  sulfate- 
reducing  bacteria,  such  as  iron  sulfides,  hydrogen  sulfide,  elemental  S,  phosphorous 
compounds,  and  organic  acids.  However,  the  recent  work  of  Bryant  and  Laishly  [24] 
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suggests  that  corrosion  in  the  presence  of  sulfate-reducing  bacteria  may  be  due  to  a 
combination  of  these  factors,  including  the  action  of  hydrogenases  in  depolarizing 
cathodic  hydrogen  from  Fe  corrosion  or  the  production  of  corrosive  metabolic  end 
products.  Regardless  of  which  mechanism  is  most  important,  their  net  effect  on  the 
corrosion  of  iron  in  anaerobic  environments  is  significant  [65]. 

Sulfate-reducing  bacteria  are  strict  anaerobes  and  obtain  energy  by  dissimilatory 
sulfate  reduction  in  which  sulfate  is  the  terminal  electron  acceptor.  Two  genera  of 
sulfate-reducers  are  primarily  involved  in  Fe  corrosion,  Desulfovibrio  and 
Desulfotomaculum.  Electron  donors  for  these  bacteria  are  the  fermentative  end  products 
produced  by  other  microorganisms  such  as  lactate,  ethanol,  propionate,  butyrate, 
formate,  and  hydrogen. 

Methanogens  can  also  contribute  to  corrosion  of  Fe.  In  an  experiment  by 
Daniels  and  co-workers  [34],  a  two-bottle  system  was  used  to  demonstrate 
methanogenesis  from  C02  and  the  hydrogen  produced  by  corroding  Fe.  The  production 
of  molecular  hydrogen  from  Fe  was  demonstrated  in  one  bottle,  with  concomitant 
methane  production  by  methanogenic  bacteria  in  another  bottle  connected  through  the 
headspace.  The  hydrogen  was  only  supplied  from  the  metal  corrosion  since  the 
methanogenic  culture  had  been  originally  filled  with  a  N2  and  C02  atmosphere.  Five 
different  methanogens  were  able  to  produce  methane  from  Fe  and  C02.  These  workers 
also  found  that  Methanobacterium  thermolithotrophicus  could  grow  autotrophically  with 
corroding  Fe  as  the  sole  electron  donor.  Lorowitz  and  co-workers  [83]  observed 
methane  production  by  Methanobacterium  thermoautotrophicum  in  the  presence  of  Fe 
and  C02.  While  growth  of  the  organism  was  insignificant  in  these  systems,  the 
presence  of  M.  thermoautotrophicum  was  observed  to  increase  the  rate  of  corrosion  as 
measured  by  the  amount  of  reducing  equivalents  in  inoculated  versus  control  media. 

Other  microorganisms  can  contribute  to  the  biocorrosion  of  Fe.  Bacteria  of  the 
genus  Thiobacillus ,  notably  Thiobacillus  ferrooxidans ,  accelerate  the  corrosion  of  Fe  by 
production  of  sulfuric  acid.  These  bacteria  are  acidophilic  and  can  survive  in  the  pH 
range  of  1.5-4.  These  chemolithotrophic  bacteria  derive  their  energy  from  the  oxidation 
of  inorganic  sulfur  compounds,  especially  FeS,  and  C02  is  reduced  to  provide  organic 
intermediates  for  growth  [89].  Thiobacilli  are  indirectly  implicated  in  the  anaerobic 
corrosion  of  Fe.  These  bacteria  most  likely  are  associated  with  the  aerobic  zone  around 
the  corroding  structure,  utilizing  the  inorganic  ferrous  and  sulfur  species  that  are 
generated  during  anaerobic  biocorrosion.  The  production  of  sulfuric  acid  by  these 
sulfur-oxidizing  bacteria  probably  migrates  to  the  Fe  surface  and  causes  enhanced 
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oxidation  of  the  Fe.  Thiobacilli  also  produce  large  amounts  of  slime,  or  biopolymer 
material,  which  may  inhibit  corrosion  by  coating  the  metal  surface. 

Iron-reducing  bacteria  also  are  not  necessarily  directly  involved  in  Fe  corrosion, 
but  they  may  be  indirectly  involved.  Iron-reducing  bacteria  use  ferric  iron  species  as 
electron  acceptors  for  their  metabolic  activities  [85].  It  is  possible  that  ferric  iron  will 
be  formed  as  the  ferrous  iron,  generated  from  the  dissolution  of  Fe,  enters  an  oxidizing 
environment.  This  ferric  iron  may  be  available  for  use  by  the  iron-reducing 
microorganisms.  The  microbial  reduction  of  the  ferric  to  more  soluble  ferrous  forms 
might  allow  the  reversal  of  the  passivation  by  removing  the  ferric  oxide  and  hydroxide 
coating.  The  more  soluble  ferrous  iron  would  be  able  to  migrate  further  from  the 
corroding  iron,  favoring  the  continued  dissolution  of  Fe.  The  above  is  the  speculation 
of  the  author,  and  has  not  been  demonstrated.  However,  even  if  these  microorganisms 
do  not  influence  the  corrosion  process  directly,  they  may  important  inhabitants  of  the 
site  where  large  amounts  of  Fe  corrosion  is  occurring.  The  iron-oxidizing  bacteria 
would  be  potentially  important  inhabitants  in  an  aerobic  zone  that  may  exist  prior  to  the 
iron  zone,  or  down  gradient  at  the  aerobic  "edge"  of  the  dissolved  ferrous  iron  plume 
(Figure  5.2,  discussed  below). 


Microbial  developments  down  gradient  of  the  Fe  zone.  Figure  5.2  is  a 
schematic  illustrating  the  hypothetical  zones  of  geochemical  and  microbiological 
influence  that  might  develop  during  the  use  of  buried  Fe  in  situ.  Although  the  scope  of 
this  investigation  did  not  include  sampling  down  gradient  of  the  Fe  zone,  several 
hypothesis  can  be  made  concerning  the  microbial  dynamics  that  might  exist  there.  The 
buried  Fe  zone  is  drawn  as  a  gray-shaded  rectangle  with  a  blue-shaded  "plume”  of 
dissolved  ferrous  iron  traveling  down  gradient  along  the  flow  path.  The  buried  iron 
corrodes,  and  in  addition  to  dissolved  Fe2+,  produces  hydrogen.  In  addition  to  the 
ferrous  iron  and  hydrogen,  sulfate  may  be  present  at  the  site,  either  naturally-occurring 
or  as  a  contaminant.  The  latter  applied  to  the  Borden  demonstration  site  since  gypsum 
had  been  added  to  provide  a  source  of  sulfate  for  a  conservative  tracer  [113,  114].  The 
sulfate  and  the  hydrogen  could  provide  an  environment  favorable  to  sulfate-reducing 
bacteria  present.  These  bacteria  might  exist  from  within  the  highly  reducing 
environment  to  a  point  down  gradient  where  the  reducing  conditions  begin  to  diminish 
and  conditions  are  no  longer  favorable  for  their  survival.  In  addition  to  the  sulfate- 
reducing  bacteria,  hydrogen-C02  utilizing  methanogens  may  exist  in  a  similar  zone  of 
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influence.  The  dominance  of  one  or  the  other  of  these  populations  will  depend  on  the 
amount  of  hydrogen  present.  Methanogens  require  hydrogen  concentrations  of  7-10 
nM,  which  is  much  greater  than  that  required  by  sulfate-reducing  bacteria,  1-1.5  nM, 
and  iron-reducing  bacteria,  0.2  nM  [86].  Sulfate-reducing  bacteria  are  able  to  maintain 
the  hydrogen  concentration  low  enough  that  methanogenic  hydrogen  consumption  is 
thermodynamically  unfavorable  [84],  Similarly,  iron-reducing  bacteria  that  are  not 
limited  in  ferric  iron  will  out-compete  sulfate-reducing  and  methanogenic  bacteria. 
Therefore  the  zones  of  influence  for  methanogens,  sulfate-reducing  and  iron-reducing 
bacteria  will  depend  on  the  hydrogen  concentration  as  well  as  available  electron 
acceptors  for  these  microorganisms.  This  discussion  illustrates  that  the  burial  of  Fe  in 
the  environment  can  generate  unique  geochemical  changes  that  may  provide  an 
interesting  environment  to  study  the  ecology  of  the  different  types  of  hydrogen-utilizing 
microorganisms. 


Scope  of  this  work.  From  the  above  discussion  it  is  apparent  that  many 
different  microbiological  and  geochemical  conditions  could  exist  in  the  environment  of 
the  buried  Fe  zone  of  the  described  site.  A  high  degree  of  microbial  activity  was 
anticipated  in  light  of  the  presence  of  favorable  conditions  for  many  types  of 
microorganisms,  especially  sulfate-reducing  and  iron  oxidizing  bacteria.  In  addition, 
large  amounts  of  iron  solids,  such  as  ferric  oxide  and  ferrous  sulfide,  were  predicted. 
The  formation  of  these  solids  in  the  Fe  zone  was  anticipated  to  interfere  with  Fe 
dechlorination  reactions.  Further,  microbial  biomass,  slime  production,  and  production 
of  methane  and  hydrogen  sulfide  were  anticipated  to  have  negative  effects  on  the  ability 
to  use  Fe  in  situ  in  the  remediation  of  contaminated  groundwater. 

Core  samples  were  obtained  from  the  buried  Fe  zone  at  the  Borden  site  after 
one,  and  two  years  of  operation.  These  samples  were  analyzed  by  microbial  and  surface 
analysis  techniques  to  determine  the  extent  of  microbiological  and  geochemical 
developments  during  the  operation  of  the  technology.  The  dechlorinating  ability  of  the 
core  Fe  was  determined  in  batch  experiments  similar  to  those  described  in  Chapter  4. 
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Experimental 


Core  samples.  Core  samples  were  taken  by  S.  O'Hannesin  (University  of 
Waterloo)  from  within  the  Fe  zone.  The  first  core  was  taken  on  July  10th,  1992 
approximately  one  year  after  installation  of  the  in-ground,  permeable  Fe  barrier  at 
Canadian  Forces  Base  Borden,  Ontario,  Canada.  This  core  was  taken  from  a  point  in 
the  barrier  that  was  the  center  of  both  the  width  and  length  axes,  and  extended  the  total 
depth  (Figure  5.3).  The  second-year  core  was  taken  on  July  13th,  1993  at  a  diagonal 
through  the  middle  of  the  barrier,  encompassing  the  width  from  the  top  of  the  iron  zone 
to  the  bottom  (Figure  5.3).  The  coring  was  done  by  driving  a  2  inch  ID  aluminum 
casing  into  the  ground  with  a  vibrating  hammer  [101].  The  casings  were  wiped  with 
ethanol  before  installation  in  an  effort  to  minimize  microbial  contaminants.  The  core 
was  sectioned  into  approximately  2-foot  sections  which  were  then  sealed  with  plastic 
caps  and  tape.  Approximate  temperature  of  the  groundwater  at  the  site  is  12  °C  [103] 
and  core  samples  were  shipped  in  coolers  with  ice  packs  to  the  laboratory  within  four 
days.  Cores  were  stored  4-15  °C  upon  receipt  at  the  laboratory.  Core  material  was 
extruded  from  the  casing  while  at  the  same  time  the  outer  V*  in  of  the  core  was 
removed.  This  was  done  aseptically  by  extruding  the  sections  with  an  ethanol-sterilized 
device  that  pushed  the  core  out  with  a  piston  advanced  by  a  hand  crank  (Figure  5.4). 
This  was  done  aseptically  in  an  anaerobic  chamber  that  is  operated  at  conditions 
compatible  for  growth  of  methanogenic  bacteria  (approximately  70%  N2,  30%  C02, 
and  0.005%  02).  The  samples  were  extruded  so  that  the  overall  profile  of  the  core  was 
maintained.  Extruded  samples  were  kept  anaerobically  in  sealed  jars  at  4  °C. 


Chemicals.  Chlorinated  solvents  were  obtained  in  high  purity  and  used  without 
further  purification.  These  included  carbon  tetrachloride,  HPLC  grade  (Aldrich); 
chloroform,  LC  grade,  preserved  with  1%  (v/v)  ethanol  (Burdick  &  Jackson); 
methylene  chloride,  99+%,  anhydrous  (Aldrich);  chloromethane,  99.5+%  (Aldrich); 
and  trichloroethylene,  99+%  (Aldrich).  Saturated  aqueous  stock  solutions  of  these 
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halocarbons  were  prepared  by  allowing  roughly  1  mL  of  organic  phase  to  equilibrate 
with  40  mL  of  water  in  glass  vials  capped  with  Teflon  Mininert  valves.  Aqueous 
standard  solutions  were  made  by  diluting  the  saturated  stock  solutions  with  deionized 
water  (NANOpure,  18  MH-cm). 


Microbiological  analyses.  Most  Probable  Number  (MPN)  analyses  were 
carried  out  by  inoculating  a  3  replicate  by  5  dilution  scheme  from  a  series  of  dilution 
blanks  made  with  an  initial  dilution  of  1  g  of  core  sample.  The  first  core  sample  was 
analyzed  for  four  different  types  of  microorganisms  by  using  media  selective  for  their 
growth.  The  9K  medium  of  Silverman  and  Lundgren  [123]  was  made  at  pH  2-2.5  to 
select  for  acidophilic  iron-oxidizing  bacteria.  Tubes  positive  for  iron-oxidizing  bacteria 
turn  a  distinct  brown-red  due  to  formation  of  ferric  oxides  and  hydroxides.  MS  medium 
[153]  with  20  mM  acetate  was  used  to  select  for  acetoclastic  methanogens.  MS 
enrichment  medium  (MS  medium  without  CoM,  and  reduced  amounts  of  yeast  extract 
and  trypticase  peptones)  was  pressurized  with  approximately  10  psi  hydrogen  gas  and 
usqd  to  select  for  hydrogen-utilizing  methanogens.  Both  of  the  MS  media  were  made  at 
pH  6.5.  For  both  sets  of  MS  medium,  methane  production  was  scored  as  a  positive 
result  for  the  presence  of  methanogens.  Methane  concentrations  were  determined  by 
removing  a  10  pL  gas  sample  from  the  headspace  of  the  culture  vessel  and  analyzing 
for  methane  by  gas  chromatograpy  with  a  2  m  x  4  mm  ID  column  packed  with 
activated  charcoal  and  quantification  by  FID.  Medium  B  [108],  pH  7.5,  was  used  to 
select  for  sulfate-reducing  bacteria.  The  presence  of  sulfate-reducing  bacteria  was 
indicated  by  the  formation  of  a  black  precipitate,  FeS.  The  bacterial  reduction  of 
sulfate  produces  sulfide,  which  spontaneously  forms  the  precipitate  with  the  ferrous 
iron  supplied  in  the  medium.  Sodium  sulfide  was  added  to  provide  reducing  conditions 
in  the  media  and  caused  a  slight  amount  of  precipitate.  Serum  tubes  with  butyl-rubber 
stoppers  were  used  for  all  of  the  above  microbial  analyses. 

For  the  first  core  sample,  the  inoculum  was  made  by  placing  1  g  of  core 
material  into  5  mL  of  9K  buffer  at  pH  7.  An  inoculum  was  made  for  each  section  of 
the  core,  for  a  total  of  five  inocula.  The  bottles  were  vigorously  shaken  by  hand 
approximately  30  times  through  a  17  inch  arc.  Dilutions  of  each  inoculum  were  made 
by  adding  0.5  mL  of  inoculum  to  4.5  mL  of  medium  appropriate  for  each  MPN  type. 
The  MPNs  were  inoculated  by  adding  1  mL  from  each  dilution  a  tube  containing  9  mL 
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sections  was  inoculated  into  20  mL  of  Medium  B,  at  pH  7.5.  Another  gram  of  each 
section  was  placed  in  serum  bottles  containing  MS  enrichment  medium  with  25  mM 
acetate,  at  pH  6.5.  A  third  set  was  made  in  MS  enrichment  medium  without  acetate  and 
approximately  10  psi  of  hydrogen.  All  inoculations  were  done  in  triplicate  60-mL 
serum  bottles  with  butyl-rubber  stoppers,  and  these  were  incubated  at  20  °C  on  a 
platform  shaker.  The  bottles  were  monitored  for  positive  results  similarly  to  the  method 
described  above.  Hydrogen -containing  bottles  were  monitored  for  reduction  in 
hydrogen. 


Dehalogenating  enrichments.  These  experiments  were  performed  in  60-mL 
serum  bottles  with  butyl-rubber  or  Hycar  (Pierce)  stoppers.  Enrichments  were  carried 
out  with  inoculum  from  the  MPN  tubes,  or  samples  from  the  core  material.  Medium  B 
was  used  for  sulfate-reducing  enrichments.  MS  enrichment  medium  and  MS  minimal 
medium  (no  CoM,  yeast  extract,  or  trypticase  peptones)  were  used  with  acetate, 
methanol  or  without  substrate.  Carbon  tetrachloride  or  methylene  chloride  were  added 
to  these  enrichments  at  final  concentrations  of  approximately  100  pM. 


Abiotic  dehalogenation  experiments.  Core  material  and  unburied,  original,  Fe 
material  (originating  from  Kanmet  Castings,  Ontario,  Canada;  provided  by  S. 
O'Hannesin,  University  of  Waterloo)  was  used  in  an  effort  to  relate  laboratory  batch 
system  experiments,  described  in  Chapter  4,  to  the  dechlorinating  activity  of  the  site. 
The  core  material  was  used  either  undried  and  unseparated,  or  dried  in  an  anaerobic 
chamber  and  separated  with  a  magnet  for  the  Fe.  The  unburied  Fe  was  saparated  with  a 
magnet  from  unidentified,  non-magnetic  material  also  present  in  the  sample.  Two 
methods  were  used  to  "clean"  the  Fe  from  both  samples.  The  first  used  a  one-hour 
acetone  digestion,  followed  by  three  deoxygenated-deionized  water  rinses.  The  second 
method  digested  the  Fe  for  1  hr  in  10%  HC1  and  then  rinsed  as  described  in  the  first 
method.  These  samples  were  immediately  placed  in  60-mL  serum  bottles,  completely 
filled  with  deionized-deoxygenated  water,  and  sealed  with  Hycar  stoppers  and 
aluminum  crimp  seals.  Samples  were  placed  on  a  rotary  shaker  at  15  rpm,  with  an  orbit 
radius  of  15  cm,  and  incubated  at  15  °C  overnight  before  addition  of  approximately 
100  pM  of  chlorinated  hydrocarbon.  An  electrolytically-produced,  100-mesh,  iron 
powder  (Certified  Grade,  95  % ,  Fisher)  was  used  in  control  experiments. 


92 


Analyses.  Chlorinated  hydrocarbon  concentrations  in  microbial  enrichments 
were  monitored  by  sampling  the  gas  phase  from  cultures  equilibrated  at  25  °C  in  a 
water  bath.  The  gas  phase  was  sampled  in  the  following  manner:  A  400-pL  sample 
chamber  was  fitted  with  a  luer  tip  on  one  end,  and  hooked  to  a  multiport  valve  (Carle) 
at  the  other  end.  The  luer  tip  could  attach  to  the  culture  vessel,  or  a  disposable  needle 
to  pierce  serum  bottle  stoppers.  The  valve  could  connect  the  other  end  of  this  loop  to 
either  a  vacuum  pump  (approximately  20  psig  vacuum),  sample,  or  GC  carrier  gas  flow 
(4  mL/min  He).  When  the  evacuated  loop  was  switched  open  to  the  sample  port,  the 
chamber  filled  with  gas  from  the  sample  headspace.  The  gas  sample  was  thus  kept  at 
the  pressure  in  the  culture  and  no  equilibrium  with  lab  pressure,  or  loss  of  compound, 
occurred.  These  samples  were  analyzed  by  GC  (HP5890A,  Hewlett-Packard)  with  a 
30-m  x  0.53-mm  ID  glass  capillary  column,  5%  phenyl-  95%  methylsilicone  phase 
(Supelco),  in  an  oven  heated  to  150  °C.  Satisfactory  results  were  obtained  with  FID. 
Gas  phase  concentrations  were  used  to  determine  the  total  concentrations  using  Henry's 
Law  constants  at  the  appropriate  temperature  and  pH  [55].  Serum  bottles  were  inverted 
to  minimize  diffusion  of  halomethane  into  the  stopper,  and  returned  to  the  incubator. 
Chlorinated  substrates  and  products  were  determined  by  comparison  with  retention 
times  with  standard  compounds. 

Analysis  of  the  chlorinated  solvents  in  the  abiotic  dehalogenation  experiments 
were  performed  by  a  modification  of  the  method  for  direct  aqueous  injection  on 
capillary  columns  developed  by  Grob  [56].  Two  microliter  samples,  taken  directly  from 
the  reaction  bottles,  were  injected  via  an  on-column  inlet  at  92  °C,  to  a  2.5-m  x  0.53- 
mm  ID  precolumn  attached  to  a  30-m  x  0.53-mm  ID  DB  624  analytical  column  (J&W) 
in  an  oven. heated  to  104  °C.  Satisfactory  results  were  obtained  with  detection  by  FID. 
Peaks  were  identified  by  comparison  with, the  retention  times  of  standard  compounds. 

A  variety  of  techniques  were  used  to  characterize  the  core  material  used  in  this 
study.  Total  carbon,  nitrogen  and  sulfur  contents  of  the  iron  metal  in  these  samples 
were  determined  using  a  dedicated  elemental  analyzer  by  complete  combustion  with 
thermal  conductivity  detection  (Carlo  Erba  NA-1500).  The  detection  limit  for  sulfur  (as 
SO2)  with  this  instrument  was  10  pg/mg  dry  weight  of  sample.  Scanning  electron 
microscopy  was  performed  on  a  Zeiss  960  Digital  SEM  with  elemental  analysis  by  X- 
ray  diffraction.  Samples  were  prepared  by  mounting  on  a  graphite  support  and  coating 
with  gold-palladium.  A  beryllium  window  was  used  and  the  average  energy  range  of 
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the  X-ray  was  5  kV.  A  binocular  microscope  (Reichert),  0.7-4x,  was  also  used  to  make 
general  microscopic  observations. 


> 
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Results  and  Discussion 


It  was  immediately  apparent  from  initial  inspection  of  the  first  core  (July,  1992) 
that  no  dramatic  microbial  or  geochemical  changes  had  taken  place  since  the  installation 
of  the  Fe  zone.  The  1992  core  consisted  of  a  black-dark  gray  unconsolidated  sand  and 
Fe.  The  black  color  implies  that  the  grains  were  covered  with  an  iron  oxide.  However, 
this  black  coloring  was  present  in  the  sample  of  the  unburied  Fe  (Kanmet  Castings) 
material  that  was  used  to  construct  the  Fe  zone  and  was  observed  as  a  "control." 
Therefore  the  black  coloring  cannot  be  attributed  to  environmental  exposure  alone, 
although  some  of  the  deposition  of  this  material  may  have  occurred  during  the  field 
test.  The  1992  core  appeared  surprisingly  uniform  over  its  entire  length,  with  no 
apparent  rust-colored  ferric  oxides.  The  second-year  core  (July,  1993)  was  very  similar 
to  the  core  taken  one  year  after  burial  of  the  Fe  zone,  and  was  also  surprisingly 
uniform  in  appearance  over  their  entire  length.  Since  the  core  samples  encompassed  the 
width  and  depth  of  the  zone  (Figure  5.3),  this  result  means  that  no  variations  occurred 
spatially  in  the  buried  iron  zone.  Ferric  oxides  were  postulated  to  form  on  the 
upgradient  side  of  the  iron  zone  since  any  ferrous  iron,  produced  during  Fe  corrosion, 
would  form  a  diffusion  gradient  opposite  the  groundwater  flow  and  away  from  the  Fe 
zone.  This  ferrous  iron  might  be  exposed  to  oxygen  present  up  gradient  from  the  Fe 
zone  and  would  be  oxidized  to  ferric  oxy (hydroxides).  However,  this  development  was 
not  apparent  at  either  the  upgradient  edge,  or  at  any  other  point  in  the  iron  zone,  in  the 
core  samples. 

The  initial  appearance  of  the  iron  material,  before  burial,  was  black-silver.  CNS 
analysis  showed  that  a  significant  amount  of  sulfur  was  present  in  the  unburied  Fe 
filings  (Table  5.1).  This  material  was  obtained  as  a  waste  product  from  a  steel  casting 
operation  in  Ontario,  Canada  (Kanmet  Castings).  A  magnet  was  used  to  separate  the  Fe 
from  a  remarkably  large  amount  of  non-magnetic  black  grains  and  clear,  crystalline 
grains  (apparently  quartz).  In  a  similar  manner,  the  iron  was  separated  from  the  1992 
core  material  that  had  been  dried  in  an  anaerobic  chamber.  Table  5.1  shows  that  this 
iron  did  not  contain  measurable  sulfur.  This  result  suggests  that  the  sulfur  was 


95 


contained  in  a  coating  on  the  original  Fe  material  and  the  apparent  decrease  in  sulfur 
content  might  be  weathering  of  the  material  that  occurred  during  exposure  to 
groundwater  flow.  Additional  evidence  for  a  surface  coating  on  the  original  Fe  material 
was  observed  during  various  pretreatment  processes.  During  acetone  and  hydrochloric 
acid  exposure  of  the  pre-burial  Fe  filings,  a  strong  odor  was  emitted  from  the  sample 
that  suggested  sulfide.  The  cleaning  step  was  required  for  dechlorination  to  occur  in  the 
presence  of  the  unburied  Fe  grains.  Figure  5.5  shows  that  the  dechlorination  of  carbon 
tetrachloride  by  these  core  samples  was  similar  to  dechlorination  by  reagent  Fe.  Similar 
results  were  obtained  with  post-burial  Fe  from  the  1992  core  (data  not  shown). 

Ferric  oxides  and  hydroxides  were  not  obvious  on  the  core  samples  visually,  or 
with  the  aid  of  a  binocular  microscope  (4x  magnification).  However,  a  massive 
formation  of  rust  was  observed  after  a  few  minutes  of  exposure  to  the  laboratory 
atmosphere.  This  indicated  that  reducing  conditions  existed  in  the  barrier,  and  that 
corroding  iron  was.  not  being  oxidized  to  Fe3  +  . 

Surface  analysis  was  difficult  with  the  core  material  because  the  complexity  of 
the  samples  did  not  allow  simple  differentiation  between  iron  grains  and  other 
materials.  Both  the  iron  and  the  sand  grains  were  non-uniform  sizes  and  shapes, 
making  them  difficult  to  distinguish  after  the  gold-palladium  coating  was  applied  for 
SEM  analysis.  Attempts  were  made  to  separate  the  metal  from  the  sand  with  limited 
success.  SEM  analysis  with  some  of  the  more  successfully  separated  samples  did  not 
reveal  any  distinguishing  characteristics  of  corrosion,  such  as  pitting.  Elemental 
analysis  by  X-ray  diffraction  did  not  reveal  any  unusual  surface  structures  or 
compounds  other  than  iron  species.  Measurement  of  the  top  atomic  layer  of  the  sample 
surface  is  possible  with  this  technique  only  through  careful  adjustment  of  the  electron 
strength  and  incident  angle  of  the  beam  [22].  It  is  likely  that  our  measurements 
encompassed  several  layers  of  the  iron  and  were  essentially  bulk  measurements, 
therefore  it  is  not  surprising  that  iron  should  be  the  major  element  observed. 

The  schematic  of  hypothesized  microbial  developments  shown  in  Figure  5.2 
indicates  that  the  activity  of  sulfate-reducing  or  methanogenic  bacteria  might  increase  in 
the  Fe  zone.  Based  on  what  occurs  during  biocorrosion  of  buried  steel  structures  by 
these  bacteria,  microbial  colony  formation  and/or  bacterial  slimes  were  predicted. 
However,  the  core  samples  did  not  exhibit  obvious  signs  microbial  colonization  such  as 
colony  formation,  slimes  or  biopolymers.  These  observations,  visually  and 
microscopically,  did  not  change  in  the  cores  from  the  second  year. 
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Since  we  had  expected  high  activity  of  microorganisms  known  to  cause 
biocorrosion,  MPNs  were  performed  to  determine  the  dominant  types  of  these 
organisms.  However,  none  of  the  MPN  analyses  exhibited  microbial  activity,  except 
for  a  low  level  of  sulfate-reduction.  The  lowest  of  the  dilutions  (lxlO2)  used  to 
inoculate  the  sulfate-reducing  MPNs  turned  black,  which  indicates  bacterial  reduction 
of  the  sulfate  to  sulfide.  The  sulfide  reacts  with  the  ferrous  iron  present  and  precipitates 
as  FeS.  Subsequent  experiments  to  repeat  the  sulfate-reducer  MPN  analyses  were 
negative.  Enrichments  cultures  were  set  up  in  an  attempt  to  increase  the  populations  of 
sulfate-reducing  bacteria  that  were  present.  These  enrichments  were  inoculated  with 
core  material  and  a  few  cultures  were  obtained  that  exhibited  sulfate-reducing  activity. 
Some  of  the  sulfate-reduction  observed  in  the  enrichment  cultures  may  have  been  due 
to  heterotrophic  activity  since  a  putrid  odor  was  produced  in  these  cultures  instead  of 
the  expected  hydrogen  sulfide  odor.  Because  the  recommended  reductant,  sodium 
sulfide  [108],  caused  some  false  positive  results  due  to  the  precipitation  of  FeS,  Fe  was 
investigated  as  an  alternate  reductant.  Corroding  Fe  was  used  to  supply  the  reducing 
equivalents  in  a  set  of  experiments  in  which  Fe  powder  was  used  as  the  reductant  with 
Medium  B  in  100-mL  serum  bottles  sealed  with  butyl  rubber  stoppers.  Fe  powder, 
when  it  is  vigorously  corroding,  can  create  an  environment  suitably  reducing  for 
sulfate-reducing  bacteria  [108,  83].  The  experiment  was  inoculated  with  an  apparent 
sulfate-reducing  culture  from  the  enrichments.  This  experiment  was  also  an  attempt  to 
determine  if  the  organisms  had  evolved  in  the  site  to  use  the  reducing  equivalents 
provided  by  corroding  iron,  which  was  hypothesized  in  Figure  5.2.  However,  none  of 
these  enrichments  were  able  to  reduce  sulfate. 

When  the  1993  cores  were  analyzed  for  microbial  activity  the  experimental 
approach  was  modified  to  account  for  the  apparent  low  microbial  numbers  of  the  site. 
The  enrichments  made  with  the  1993  core  used  more  concentrated  inocula  than  the 
MPNs  for  the  1992  core.  Results  for  the  1,993  core  samples,  from  various  locations  in 
the  Fe  zone,  are  shown  in  Table  5.2.  Similar  to  the  cores  from  1992,  the  sulfate- 
reducing  activity  is  quite  low.  However,  the  1993  core  samples  showed  a  slightly 
greater  activity  for  acetoclastic  methanogens  than  was  seen  in  the  1992  core  samples. 

The  presence  of  the  buried  Fe  apparently  did  not  result  in  significantly  enhanced 
microbial  populations  over  the  generally  low  activities  typical  of  the  Borden  site.  One 
factor  that  may  account  for  the  normally  low  microbial  activity  is  the  low  concentration 
of  dissolved  organic  matter  in  the  site  groundwater.  Rivett  and  co-workers  [113,  114] 


97 

reported  that  the  organic  carbon  content  of  the  aquifer  material  is  very  low,  an  average 
concentration  of  0.035%  was  determined  from  30  samples  taken  from  the  site. 

The  relatively  high  concentrations  of  inorganic  species  at  this  site  is  another 
factor  that  may  have  inhibited  microbial  growth.  The  background  sulfate  was  high 
because  a  large  amount  of  sulfate  had  been  added  to  the  site  in  the  form  of  gypsum 
[113,  114].  The  gypsum  was  added  to  a  buried  source  also  containing  sand  saturated 
with  various  chlorinated  hydrocarbons.  The  amounts  of  sulfate  observed  in  the  barrier 
experiments  were  from  10-600  mg/L  [101].  Widdel  and  Hansen  [148]  found  that  a 
sulfate  concentration  of  260  pg/L  (25  mM)  caused  sulfate-reducing  microorganisms  to 
regulate  sulfate  uptake  to  avoid  waste  energy  production  and  sulfate  overload.  These 
workers  also  reported  that  cells  grown  in  the  presence  of  excess  sulfate  had  a  lower 
capacity  to  accumulate  sulfate  than  cells  grown  with  much  lower  sulfate  concentrations. 
Microbial  inhibition  by  the  high  concentrations  of  dissolved  iron,  1-10  mg/L,  at  the 
Borden  site  is  not  likely  since  several  researchers  have  observed  undiminished 
microbial  activity  in  the  presence  of  similar  levels  in  experiments  with  corroding  iron 
[34,  83]. 

y  A  final  factor  that  might  be  responsible  for  the  low  microbial  numbers  at  the 
site  is  the  presence  of  relatively  high  concentrations  of  chlorinated  solvents.  These 
compounds  were  added  to  the  site  by  burial  of  chlorinated-solvent  saturated  soil  that 
had  continued  to  produce  a  plume  of  tetrachloroethylene,  trichloroethylene,  and 
chloroform  contaminated  groundwater  for  nearly  two  years  before  the  iron  zone  was 
constructed.  The  plume  concentrations  were  still  high,  100-300  mg/L,  three  years  after 
source  emplacement.  This  translates  to  a  maximum  concentration  of  840  pM  for 
chloroform,  which  is  a  high  enough  halomethane  concentration  to  cause  inhibition  of 
some  microorganisms.  For  example,  methanogenesis  was  completely  inhibited  in 
sewage  sludge  enrichments  exposed  to  200  pM  carbon  tetrachloride  [135],  and  in  pure 
cultures  of  Methanosarcina  exposed  100  pM  methylene  chloride  shown  in  the  studies  in 
Chapter  2. 


Microbial  effects  on  dechlorination  in  the  Fe  zone.  On  the  premise  that  the 
presence  of  microorganisms  might  affect  the  process  of  dehalogenation  by  Fe  buried  in 
the  subsurface,  one  series  of  experiments  were  conducted  in  the  closed  anaerobic  batch 
systems  containing  deionized  water  and  acid-pretreated  Fe.  The  sulfate-reducing 
enrichments,  described  above,  were  used  to  inoculate  autoclaved  batch  systems  1  hour 


98 

prior  to  addition  of  approximately  100  pM  carbon  tetrachloride.  Figure  5.6  shows  that 
the  average  dechlorination  rate  of  the  inoculated  bottles  was  much  slower  (kobs =0.0087 
+0.0005;  n  =  14;  r2=0.958)  than  the  autoclaved  controls  (kobs=0.022±0.001;  n=9; 
r2=0.985)  and  the  unautoclaved  controls  (kobs=0.044±0.001;  n  =  8;  r2=0.996).  The 
significant  decrease  in  the  dechlorination  rate  of  the  inoculated  batch  systems  indicates 
that  the  presence  of  bacterial  cells  inhibits  the  dechlorination  of  carbon  tetrachloride  by 
iron.  The  rate  of  dechlorination  in  the  autoclaved,  inoculated  samples  is  60%  less  than 
the  rate  of  dechlorination  in  the  autoclaved,  uninoculated  controls.  This  effect  was  not 
investigated  further,  but  is  reminiscent  of  the  partial  oxidation  of  sediment  slurries 
caused  by  the  autoclaving  process  [137].  Incubation  temperature  did  not  have  an  effect 
on  the  dechlorination  rate  of  any  of  the  treatments. 

The  inhibition  of  dechlorination  by  Fe  in  the  presence  of  microorganisms  may 
be  due  to  several  factors,  such  as  the  attachment  of  the  cells  to  the  iron  surface  or  the 
utilization  of  reducing  equivalents  (such  as  hydrogen)  by  the  bacteria.  The  formation  of 
biofilms  on  the  surface  of  the  iron  would  the  available  surface  area  for  dechlorination 
of  the  substrate.  The  importance  of  the  surface  area  in  the  dechlorination  reaction  is 
shown  in  Figure  4.5  in  Chapter  4.  The  possibility  of  microbial  utilization  of  the 
hydrogen  produced  during  corrosion  is  supported  by  phase-contrast  light  microscopic 
observations  indicating  that  cell  numbers  increased  during  the  experiment.  The  bacteria 
may  have  been  able  to  metabolize  carbon  dioxide  and  the  hydrogen  generated  by  the 
corroding  Fe.  The  bacteria  may  have  scavenged  the  hydrogen  as  it  was  produced  at  the 
surface  of  the  iron,  which  would  interfere  with  the  halomethane  reduction  at  that  active 
site.  This  may  account  for  the  decreased  rates  of  dehalogenation  in  the  inoculated 
samples. 
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Conclusions 


The  vigorous  growth  of  microorganisms  will  have  an  effect  on  the  ability  to  use 
the  buried  Fe  as  a  remediation  technique.  Microorganisms  not  only  could  affect 
dechlorination  of  halogenated  compounds  at  the  Fe  surface  (Figure  4.2),  but  could  also 
affect  the  physical  properties  of  the  subsurface  such  as  porosity  and  permeability  [25 , 
125]  by  precipitation  of  iron  oxides,  formation  of  bacterial  slimes  and/or  large  colony 
formations.  Another  effect  of  the  microbial  activity  is  the  production  of  hydrogen 
sulfide  from  sulfate  by  sulfate  reducing  bacteria.  Hydrogen  sulfide  gas  has  an 
unpleasant  odor  and  could  be  a  nuisance  to  nearby  inhabitants  of  the  site. 

Finally,  microbes  capable  of  dehalogenating  chlorinated  contaminants  might  be 
able  to  thrive  in  the  conditions  provided  by  corroding  Fe.  For  example,  chlorinated 
aliphatics  and  aromatics  are  transformed  by  pure  cultures  of  sulfate-reducing  bacteria 
and  sulfate-reducing  consortia  [8,  35,  77,  97].  Dehalogenating  microorganisms  would 
have  a  selective  advantage  over  other  bacteria  for  survival  in  the  chlorinated  organic 
contaminant  site. 

The  work  presented  here  is  based  on  samples  from  one  field  site,  so  it  is 
difficult  to  anticipate  how  much  variation  in  geomicrobiology  can  be  expected  from  site 
to  site.  The  low  microbial  activity  of  the  Borden  demonstration  may  be  due  to  a 
number  of  factors  unique  to  the  site.  However,  it  appears  that  microorganisms  do  not 
interfere  significantly  with  the  use  of  buried  Fe  to  reductively  dehalogenate 
contaminants. 
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Table  5.1  CNS  Analysis  of  Bulk  Composition  of  Iron  Barrier  Material. 


Sample 

Carbon  (%) 

Nitrogen  (%) 

Sulfur  (%) 

Core  la 

repl.  1 

1.77 

0.19 

0.00 

repl.  2 

2.67 

0.39 

0.00 

repl.  3 

3.04 

0.27 

0.00 

xll  sd 

2.50±0.65 

0.29±0.10 

o.oo±o.oo 

Iron  Filings'3 

repl.  1 

1.94 

0.31 

0.37 

repl.  2 

1.80 

0.19 

0.36 

repl.  3 

1.94 

0.27 

0.41 

xll  sd 

1.90±0.08 

0.26±0.06 

0.3810.03 

Reagent  Fec 

y 

repl.  1 

0.40 

1.18 

0.00 

repl.  2 

0.24 

1.30 

0.00 

repl.  3 

0.27 

1.36 

0.00 

xll  sd 

0.30±0.09 

1.28±0.08 

0.0010.00 

a  Material  from  first-year  cores. 

b  The  iron  filings  were  used  in  construction  of  the  in-ground,  permeable  barrier  and 
originated  from  Kanmet  Castings,  Ontario.  Provided  by  S.  O'Hannesin,  University  of 
Waterloo. 

c  Fisher  iron  powder  (Certified  Grade),  100  mesh,  was  used  as  a  reference. 
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Table  5.2  Enrichment  Results  for  the  July  13,  1993  Cores.3 


Sample 

Outside 

Fe  Zone 

Top 

Fe  Zone 

Mid- 

Fe  Zone 

Bottom 

Fe  Zone 

SRBb 

repl.  1 

+ 

+/- 

+/- 

+/- 

repl.  2 

ND 

+/- 

- 

- 

repl.  3 

ND 

+/- 

+ 

- 

MSEC 

repl.  1 

- 

+ 

- 

- 

repl.  2 

- 

+/- 

+ 

- 

repl.  3  - 

- 

- 

+/- 

- 

MS-H2d 

repl.  1 

- 

+ 

+ 

+ 

repl.  2 

+ 

+ 

4- 

+ 

hfo  =  not  done 


a  lg  (wet  wt.)  core  material  added  to  20  mL  media.  Scoring:  +  denotes  a  positive 
result,  +/-  indicates  weak  positive  result,  -  is  a  negative  result.  Positive  and  negative 
criteria  are  defined  in  the  text. 
b  Sulfate-reducing  enrichment:  Medium  B,  pH  7.5,  25  °C. 

c  Acetoclastic  methanogenic  enrichment:  MS  enrichment  medium,  pH  6.5,  25  mM 
acetate,  25  °C. 

d  Hydrogen-utilizing  methanogenic  enrichment:  MS  enrichment  medium,  pH  6.5,  ca. 
10  psi  hydrogen,  20  °C. 
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Figure  5.1  Schematic  showing  general  corrosion  processes  at  the  Fe  surface. 
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Figure  5.2  Schematic  showing  hypothetical  domains  of  influence  for  microbial 
activity  in  a  site  containing  a  zone  of  buried  Fe. 
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Figure  5.3  Schematic  of  the  buried  Fe  barrier  showing  the  location  of  the  core 
samples.  A)  Side  View;  B)  Plan  view. 
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Figure  5.4  Illustration  of  the  core  sample  extruder.  Core  is  held  in  place  while 
a  piston  is  advanced  through  the  core  tube,  paring  !4  in  from  the  outer  surface 
of  the  core,  and  extruding  the  contents  in  a  continuous  sample.  Extruder 
designed  by  C.  Palmer  (Oregon  Graduate  Institute  of  Science  and  Technology). 
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Figure  5.5  Dechlorination  of  carbon  tetrachloride  with  acetone-  and  HC1-  cleaned 
unburied  Fe  (Kanmet  Castings,  Ontario,  Canada).  HCl-treated  (squares)  and  acetone- 
treated  (circles)  Fe  was  exposed  for  1  hr  in  each  treatment  and  rinsed  before  use  in  the 
anaerobic  batch  experiment.  Carbon  tetrachloride  initial  concentrations  were 
approximately  100  pM.  Incubation  at  15  rpm  15  °C. 
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Figure  5.6  Effect  of  a  bacterial  inoculum  on  dechlorination  of  carbon 
tetrachloride  by  laboratory  batch  systems.  Triangles  =  autoclaved,  inoculated 
samples;  squares  =  unautoclaved,  uninoculated  controls;  circles  =  autoclaved, 
uninoculated  controls.  Approximately  2xl07  cells/mL  were  added  to  the  bottles 
one  hour  prior  to  addition  of  100  pM  carbon  tetrachloride.  Bottles  were 
incubated  at  25  °C  and  at  15  °C  on  rotary  shakers  at  15  rpm.  The  general 
experimental  procedure  is  described  in  Chapter  4. 
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